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ABSTRACT 16 

Nozzle hydraulic performance has a significant impact on diesel spray development and 17 

combustion characteristics. Thus, it is important to understand the links between the 18 

nozzle geometry, the internal flow features and the spray formation. In this paper, a 19 

detailed analysis of the impact of the nozzle orifices inclination angle on its hydraulic 20 

performance is performed. For this purpose, three different nozzles with included angles 21 

of 90, 140 and 155 degrees are evaluated. Instantaneous injection rate and momentum 22 

flux are measured on a set of injector operating conditions (mainly injection pressure and 23 

discharge pressure). The results show that higher inclination angles lead to smaller mass 24 
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flow and momentum flux at steady-state conditions, due to the higher losses at the orifice 25 

inlet. These losses are translated in lower both area and velocity coefficients. 26 

Nevertheless, the impact of this parameter is limited thanks to the counter-acting effect 27 

of the hydrogrinding process, which produces larger rounding radii at the orifice inlet as 28 

the included angle increases. Based on the experimental results, correlations of the 29 

discharge coefficient as a function of the Reynolds number are obtained and evaluated. 30 

 31 

KEYWORDS: diesel nozzle, orifice inclination, flow coefficients, momentum flux 32 

NOMENCLATURE 33 

A Constant for discharge coefficient vs. Reynolds correlation 

A180 
Constant for discharge coefficient vs. Reynolds correlation for a 

theoretical nozzle with 180 degrees included angle 

A0 
Constant for discharge coefficient vs. Reynolds correlation for a 

theoretical nozzle with 0 degrees included angle 

Aeff Effective area 

Ao Geometrical area 

Ca Area coefficient 

Cd Discharge coefficient 

Cd,max Maximum value of discharge coefficient vs. Reynolds 

Cd,180 
Maximum value of discharge coefficient vs. Reynolds for a 

theoretical nozzle with 180 degrees included angle 

Cd,0 
Maximum value of discharge coefficient vs. Reynolds for a 

theoretical nozzle with 0 degrees included angle 

Cv Velocity coefficient 

Do Geometrical nozzle outlet diameter 
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

m  Mass flow 



M  Momentum flux 

m,n Correlation exponents for the discharge coefficient 

Pb Backpressure 

Pi Injection pressure 

ueff Effective velocity at the orifice outlet 

uth Theoretical velocity at the orifice outlet, 
f

bi

th

PP
u



)(2 
  

 

 

Greek Symbols 

α Nozzle included angle 

P Pressure drop, P=Pi-Pb 

ρf Fuel density 

υf Fuel kinematic viscosity 

 34 

1. INTRODUCTION 35 

The fuel injection process is one of the most critical elements in diesel engines to optimize 36 

the tradeoff between thermal efficiency and exhaust emissions [1–4]. First, the dynamic 37 

behavior of the injection system has a significant impact on aspects such as the injection 38 

and combustion duration [5–7] or the combustion noise [8,9]. Additionally, the flow 39 

conditions at the injector nozzle outlet affect the spray atomization and fuel-air mixing 40 

efficiency [10–14]. Improving atomization and mixing can be particularly important in 41 

modern engines, since it can help to increase the usage of Exhaust Gas Recirculation 42 
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(EGR) [15,16], necessary to comply with more stringent certification requirements 43 

regarding nitrogen oxides (NOx) [17]. 44 

In order to optimize the injector nozzle design, it is necessary to understand how each 45 

geometrical feature affects the nozzle hydraulics and the spray formation. In this sense, 46 

reducing the nozzle outlet diameter has shown to be beneficial to improve atomization 47 

efficiency [18,19] and to reduce the maximum liquid length [20–22], avoiding issues 48 

related with impingement into the combustion chamber walls [15,23,24]. Nevertheless, 49 

negative aspects such as the increase of the total injection and combustion durations 50 

(especially at high loads) or the potential appearance of nozzle coking issues [25] may 51 

limit the reduction of this parameter. The orifice length (more in particular the length-to-52 

diameter ratio) is also a key parameter, mostly affecting the flow turbulence development 53 

[26–28]. Other geometrical factors such as the inlet rounding radii or the conicity can 54 

significantly modify cavitation formation inside the nozzle [29–34]. The appearance of 55 

this cavitation affects negatively the nozzle permeability [27,35–37], but can help to 56 

improve the primary atomization and increase the spray cone angle [38–41]. Salvador et 57 

al. [42] pointed out that the shape of the nozzle orifices can also impact the characteristics 58 

of the internal nozzle flow. Geometrical aspects of the sac volume and the needle seat 59 

area also play a role in the discharge capability of the nozzles [43,44]. 60 

Another important aspect of the design of multi-hole injection nozzles is the nozzle 61 

included angle. This angle is defined as the cone angle formed by the ensemble of all 62 

spray axes. Traditionally, this parameter has been selected based on the spray targeting 63 

onto the piston, looking to have a good distribution of the fuel-air mixture between the 64 

bowl and the squish regions when the main injection is produced close to Top Dead 65 

Center (TDC) [45,46]. Thus, most diesel combustion systems feature included angles in 66 
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the range of 145-158 degrees. Recently, the development of new combustion modes such 67 

as Homogeneous Charge Compression Ignition (HCCI) or Premixed Charge 68 

Compression Ignition (PCCI), for which the fuel is injected much earlier into the engine 69 

cycle, is driving for the investigation of nozzles with significantly smaller included angles 70 

[47]. This results in a significant variation of the inclination angle of the orifice with 71 

respect to the injector axis, which can affect the mass flow and momentum at the nozzle 72 

outlet according to previous computational studies [48–50]. Nevertheless, there is little 73 

experimental work in the literature aiming at understanding the implications of using such 74 

nozzles on the nozzle hydraulics and the spray formation. 75 

In the current paper, the hydraulic performance of three multi-hole nozzles with included 76 

angles of 90, 140 and 155 degrees has been analyzed. For this purpose, the instantaneous 77 

mass flow rate and momentum flux at the nozzles outlet orifices have been measured at 78 

different levels of injection pressure. The combination of both measurements has allowed 79 

the determination of the characteristic flow coefficients at high needle lift conditions. 80 

Statistical correlations for the nozzle discharge coefficient as a function of the Reynolds 81 

number and the included angle have been obtained from the experimental results. 82 

The paper is divided in 5 sections. Section 2 describes the nozzles used for the study, as 83 

well as the different experimental techniques employed. The injection rate and 84 

momentum flux results are analyzed in Section 3. Section 4 analyzes the impact of the 85 

included angle on the nozzle discharge coefficient, as well as on the area and velocity 86 

coefficients. Finally, the main conclusions of the study are summarized in Section 5. 87 

2. EXPERIMENTAL SETUP 88 
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The most significant aspects of the experimental arrangements used along this study are 89 

provided in this section. For all the experiments, a standard European diesel fuel has been 90 

used. The evolution of the main physical properties of the fuel as a function of pressure 91 

and temperature are available in [51]. 92 

2.1 Injector nozzles 93 

In this research, a solenoid-driven common-rail fuel injector able to reach up to 200 MPa 94 

is used. Three different nozzles have been mounted on this injector. All the nozzles 95 

feature the same number of holes (10), nominal outlet diameter (Do = 0.09 mm), nominal 96 

conicity (k-factor=1.5) and hydrogrinding level (10%), but differ in terms of their 97 

included angle α. In particular, three values of α = 90 (N1), α = 140 (N2) and α = 155 98 

degrees (N3) have been selected. A schematic of the three nozzles used is available in 99 

Figure 1. 100 

 101 
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Fig. 1 Schematic of nozzle geometries. 102 

As stated in the introduction, standard included angle values for conventional diesel 103 

combustion systems is around 145-158 degrees. This range is properly captured by the 104 

selection of nozzles N2 and N3. Recently, new combustion concepts based on LTC 105 

modes are proposing lower angles combined with advanced injection timings to achieve 106 

more homogeneous mixtures. In this sense, a value a 90 degrees included angle, similar 107 

to what it is found in a Gasoline Direct Injection system, can be of interest. 108 

Additionally, the range of variation from 90-158 degrees is wide enough to capture the 109 

differences in terms of flow direction and hydraulic performance of the nozzle. 110 

2.2 Injection rate meter  111 

An Injection Rate Discharge Curve Indicator system, based on the Bosch method [52], 112 

has been used to determine the instantaneous mass flow through the injector nozzle. The 113 

measuring device consists on a liquid fuel pressurized tube with a known diameter. The 114 

pressure inside the meter is controlled through a pneumatic system using pressurized 115 

nitrogen. The fuel injector is mounted on one tip of the tube. When the injector is 116 

energized, the fuel delivered by the nozzle generates a pressure increase in the tube, which 117 

is proportional to the instantaneous amount of fuel injected. A piezoelectric pressure 118 

transducer installed at a few millimeters from the nozzle outlet captures this pressure 119 

increase. The pressure signal can be converted into the instantaneous injection rate 120 

following the procedure described in [53], with an uncertainty level of ±1.5%. Eight 121 

values of injection pressure have been explored, from 23 MPa (minimum injection 122 

pressure to achieve a stable injector opening) to 200 MPa (maximum pressure achievable 123 

for the solenoid injector used).  The backpressure has been maintained constant at 5MPa, 124 

which is a typical pressure value for a diesel engine at the start of the main injection. The 125 
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injector is activated by means of a current signal with a peak value of 20 A, a hold value 126 

of 8 A (achieved after 0.4 ms from the start of energizing) and a total energizing time of 127 

1.5 ms.  128 

2.3 Spray momentum test rig 129 

In the case of the spray momentum measurement, the injection is produced in a gas-130 

pressurized chamber at room temperature. The pressure can be set in a range of 0.1-8 131 

MPa, allowing to produce similar density conditions as in a real combustion chamber. 132 

During the setup, one of the nozzle orifices is placed perpendicular to the measuring 133 

device, consisting on a target coupled to a piezo-electric pressure transducer. When the 134 

injection starts and the spray reaches the target, the impact force of the spray is captured. 135 

Assuming momentum conservation along the spray axis, the impact force can be 136 

considered equal to the momentum flux at the nozzle orifice outlet. The uncertainty of 137 

this measurement is approximately ±1.8%. The same test matrix as previously seen for 138 

the injection rate measurements has been considered. 139 

The tests were conducted using nitrogen as the filling gas for the spray momentum test 140 

rig. For the 90 degrees nozzle (N1), this could lead to a partial overlap of the spray plumes 141 

due to the high gas density, affecting the precision of the measurement. In order to assess 142 

this potential uncertainty, tests were repeated for this nozzle with helium, which is less 143 

dense and produces lower spray opening angles. The results for both gases were almost 144 

equal, ensuring that no interaction of different plums was captured by the sensor. 145 

3. EXPERIMENTAL RESULTS 146 

In this section, the main results from the injection rate and momentum flux tests are 147 

summarized.  148 
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 149 

Fig. 2 Mass flow rate results. 150 

In Figure 2, the mass flow rate through a single orifice is provided for the three nozzles 151 

previously described and for four levels of injection pressure. Since the fuel injector is 152 

the same for all three nozzles, no significant differences can be found during the opening 153 

and closing phases of the injection event. This is due to the fact that the instantaneous 154 

mass flow rate at low needle lifts is mostly controlled by the needle lift itself, and not so 155 

much by the orifice geometry. Once the needle overcomes a certain lift, the flow reaches 156 

a nearly steady-state condition and the mass flow depends mostly on the orifice 157 

characteristics. There it can be seen how the nozzle with the lowest included angle (N1) 158 

produces the highest values of steady-state mass flow, especially as the injection pressure 159 

increases. This is related to the lower losses achieved at the orifice entrance, since the 160 

flow suffers a lighter change of direction. Regarding the other two nozzles (N2 and N3), 161 
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the differences found on the mass flow rate are more reduced, but the same trend is still 162 

visible. 163 

 164 

Fig. 3 Spray momentum results.  165 

Figure 3 shows the performance of the three nozzles in terms of spray momentum for the 166 

same operating conditions. Although the signals are slightly noisier than in the case of 167 

the injection rate, similar conclusions than those already stablished for the mass flow can 168 

be drawn. Nevertheless, it is observable that in a relative basis the differences between 169 

nozzles N2 and N3 seem to be more pronounced than in the mass flow results, which can 170 

be an indicator of the fact that the main effect is related to a decrease in the nozzle outlet 171 

velocity. Since the mas flow has a linear dependence on the velocity but the spray 172 

momentum depends on the square power of the velocity, the differences can be more 173 



11 

 

significant in the latest. This will anyway be discussed in more detail in Section 4 during 174 

the flow coefficients analysis. 175 

 176 

 Fig. 4 Steady-state mass flow and momentum flux results. 177 

In Figure 4, the steady-state mass flow and momentum flux delivered by a single orifice 178 

of the nozzles are displayed for all the injection pressure cases. These values correspond 179 

to a time average of the steady-state phase of the instantaneous mass flow rate and 180 

momentum flux curves. The time window to perform this average is manually selected 181 

for each injection pressure condition, since this parameter affects the slope of the injector 182 

opening ramp and the time lapse between the end of the injector energizing and the start 183 

of the needle closing. Once this time window is selected for an injection condition, the 184 

same one is applied for both mass flow and momentum flux curves. 185 

In the case of the mass flow, the results are depicted against the square root of the 186 

difference between the injection pressure (Pi) and the discharge pressure (Pb). In all cases, 187 

it can be observed how the nozzle permeability tends to increase as the nozzle included 188 

angle reduces. Nevertheless, the differences among the nozzles is not as significant as it 189 

could be expected taking into account the wide included angle variation performed. This 190 

could be due to a secondary effect of this angle on the inlet rounding radii produced during 191 

the hydrogrinding process, partially compensating the losses at the orifice inlet [48]. It 192 
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has to be reminded that the hydrogrinding process is performed by flowing an abrasive 193 

fluid into the nozzle with 10 MPa injection pressure and 0.1 MPa backpressure. When the 194 

included angle is high, the curvature of the flow when entering the orifice is also very 195 

intense, producing a higher erosion of the upper-inlet corner of the orifice (i.e., higher 196 

inlet rounding radii). This tends to increase significantly the nozzle permeability, since 197 

most of the pressure losses are generated in this region, especially as injection pressure 198 

ramps up. When the included angle is low, the erosion from this abrasive fluid is more 199 

uniformly distributed in the complete geometry of the nozzle, so the inlet rounding radii 200 

effect is reduced. 201 

4. HYDRAULIC COEFFICIENTS 202 

The previously discussed results of steady-state mass flow can be also expressed in terms 203 

of the nozzle discharge coefficient, which can be defined as the ratio between the actual 204 

mass flow and the theoretical one, calculated using the geometrical orifice outlet area Ao 205 

and the theoretical velocity uth obtained from Bernoulli’s formulation: 206 

𝐶𝑑 =
𝑚̇

𝜌𝑓𝐴𝑜𝑢𝑡ℎ
=

𝑚̇

𝐴𝑜√2∆𝑃𝜌𝑓

 (1) 

 207 

where ρf is the liquid fuel density and ΔP=Pi-Pb. 208 

The discharge coefficient values obtained from equation (1) for the three nozzles are 209 

depicted in Figure 5 against the theoretical Reynolds number, which is defined as: 210 

𝑅𝑒 =
𝑢𝑡ℎ𝐷𝑜

𝜈𝑓
 (2) 

where Do is the geometrical orifice outlet diameter and νf is the fuel kinematic viscosity. 211 
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 212 

Fig. 5 Discharge coefficient vs. Reynolds number. 213 

Figure 5 shows how the discharge coefficient tends to grow when increasing the Reynolds 214 

number. This is due to the development of the boundary layer created around the orifice 215 

walls. Previous works in the literature [54,55] show that this behavior can be reproduced 216 

by the following equation: 217 

  𝐶𝑑 = 𝐶𝑑,𝑚𝑎𝑥 −
𝐴

√𝑅𝑒
 (3) 

where Cd,max and A are constants that depend mostly on the nozzle geometrical 218 

characteristics. According to this equation, as the Reynolds number increases, the 219 

turbulence flow reaches a fully-developed state and the discharge coefficient reaches its 220 

asymptotic value. 221 

Equation (3) has been used to obtain statistical correlations for the discharge coefficient 222 

as a function of the Reynolds number for the three nozzle geometries used along the study. 223 

Table 1 summarizes the results obtained from this statistical analysis. As it can be seen 224 

from the high R-squared values achieved, all the correlations show a significant capability 225 

to reproduce the experimental data. Additionally, it is appreciable how increasing the 226 

included angle produces not only a decrease on the maximum discharge coefficient, but 227 
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also a decrease on its sensitivity to the Reynolds number (this last statement can be 228 

demonstrated because the parameter A decreases in a much higher extent than the 229 

parameter Cd,max). This occurs because higher inclination angles induce higher losses at 230 

the orifice entrance, so the relative importance of the boundary layer characteristics on 231 

the discharge coefficient diminishes [48]. 232 

Table 1. Summary of statistical correlations for the discharge coefficient for each nozzle. 233 

Nozzle Cd,max A R-squared [%] 

N1 0.950 16.99 98.68 

N2 0.922 15.49 98.81 

N3 0.911 14.85 99.46 

 234 

Based on the previous results, a new correlation for the discharge coefficient is proposed, 235 

where the values of Cd,max and A are calculated as a function of the included angle α as 236 

follows: 237 

𝐶𝑑,𝑚𝑎𝑥 = 𝐶𝑑,180 + (𝐶𝑑,0 − 𝐶𝑑,180) · 𝑒𝑥𝑝 (−𝑚
180 − 𝛼

180
) (4) 

𝐴 = 𝐴180 + (𝐴0 − 𝐴180) · 𝑒𝑥𝑝 (−𝑛
180 − 𝛼

180
) (5) 

In these equations, Cd,180 and A180 represent the values of Cd,max and A that would be 238 

obtained for a theoretical nozzle with 180 degrees included angle, while the values of 239 

Cd,180 and A180 represent the same magnitudes for a theoretical nozzle with 0 degrees 240 

included angle. 241 

 242 
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Table 2. Summary of statistical correlation for the discharge coefficient 243 

Parameter Value Interval of Confidence 

Cd,180 0.858 [0.81,0.91] 

Cd,0 0.955 [0.94,0.97] 

A180 18.31 [16.44,20.18] 

A0 10.37 [5.43,15.32] 

m 5.38 [1.7,9.1] 

n 5.15 [1.5,8.8] 

R-squared 98.99% 

 244 

The results of this new correlation are summarized in Table 2 and Figure 6, which 245 

represents the experimental values against the prediction obtained from the correlation. 246 

Again, the high R-squared value confirms the suitability of the formulation proposed to 247 

reproduce the experimental trends achieved. Additionally, all of the coefficients show a 248 

statistical significance on the Cd correlation, which reinforces the fact that the inclination 249 

angle affects both the asymptotic and Reynolds-dependent terms. 250 

 251 

Fig. 6 Observed vs. predicted discharge coefficient. 252 
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Finally, Figure 7 shows the comparison between the experimental and predicted values 253 

in a discharge coefficient vs. Reynolds evolution. It can be seen that the trends of the 254 

experimental results is properly captured by the correlation. 255 

 256 

Fig. 7 Experimental and predicted discharge coefficient vs. Reynolds. 257 

 258 

The steady-state mass flow and momentum flux can be also expressed as a function of 259 

the effective outlet area (Aeff) and the effective outlet velocity (ueff): 260 

𝑚̇ = 𝜌𝑓𝐴𝑒𝑓𝑓𝑢𝑒𝑓𝑓 (6) 

𝑀̇ = 𝜌𝑓𝐴𝑒𝑓𝑓𝑢𝑒𝑓𝑓
2  (7) 

Thus, from the combination of both experimental values, it is possible to determine the 261 

effective outlet velocity as the ratio between the spray momentum and the mass flow. 262 

Once ueff is known, other two non-dimensional flow coefficients can be defined [26]: 263 
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𝐶𝑣 =
𝑢𝑒𝑓𝑓

𝑢𝑡ℎ
=  

𝑢𝑒𝑓𝑓

√
2∆𝑃
𝜌𝑓

 

(8) 

𝐶𝑎 =
𝐴𝑒𝑓𝑓

𝐴𝑜
=

𝐶𝑑

𝐶𝑣
 

(9) 

where Cv is the velocity coefficient and Ca is the area coefficient. Figure 8 highlights the 264 

evolution of these two coefficients against the Reynolds number. As it can be seen, the 265 

velocity coefficient shows a very similar evolution with respect to the one already seen 266 

for the discharge coefficient. Regarding the area coefficient, the values are roughly 267 

constant except for very low injection pressure levels (Pi=23 and 40 MPa). Additionally, 268 

the values are close to the unity, meaning that no significant cavitation appears inside the 269 

nozzles tested [32]. Even though the differences are small, it is still appreciable how the 270 

nozzle with the lowest included angle (N1, 90º) reaches slightly higher Ca values, 271 

probably as an indication of the fact that the outlet velocity profile is more symmetric 272 

since it is less affected by the recirculation zone generated in the orifice entrance. 273 

 274 

Fig. 8 Area and velocity coefficients vs. Reynolds number. 275 

 276 

 277 
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5. CONCLUSIONS 278 

In the current paper, an investigation of the effect of the orifices inclination angle on the 279 

nozzle hydraulics was performed. For this purpose, three multi-hole nozzles with 280 

included angles of 90, 140 and 155 degrees were evaluated. The nozzle hydraulic 281 

performance was assessed from the measurements of the instantaneous mass flow rate 282 

and momentum flux at the nozzle outlet. A significantly wide range of injection pressures 283 

(23-200 MPa) was considered.  284 

The opening and closing phases of the injection rate profile showed almost no dependence 285 

on the inclination angle, as they were mostly affected by the needle lift profile. 286 

Nevertheless, the mass flow achieved on the steady-state phase of the injection event was 287 

lower as the inclination angle increases. This was due to the higher losses produced at the 288 

orifice entrance, linked to the strongest change in the flow direction. Nevertheless, the 289 

differences are lower than what could be expected from the wide variation of the 290 

inclination angle explored. This was probably due to the effect that this angle had on the 291 

hydrogrinding process performed during the nozzles manufacturing, resulting in larger 292 

inlet rounding radii as the orifice inclination increased, partially compensating the effect 293 

of the angle itself. Similar conclusions were obtained from the momentum flux results. 294 

The nozzle discharge coefficient was evaluated from the time-average mass flow obtained 295 

during the steady-state phase of the injection rate. It was observed how the discharge 296 

coefficient grew when increasing the Reynolds number, as a consequence of the higher 297 

flow development. Statistical correlations of Cd vs. Re were obtained based on previous 298 

experiences from the literature. The analysis of these correlations showed that the 299 

inclination angle of the orifices influences not only the maximum discharge coefficient 300 

value, but also the slope of its evolution with respect to the Reynolds number. 301 
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Finally, the combination of the steady-state mass flow and momentum flux results 302 

allowed to determine the nozzle area and velocity coefficients. The area coefficient 303 

showed to be mostly independent on the Reynolds number and close to the unity, except 304 

at very low injection pressure (Pi ≤ 40 MPa). The effect of the inclination angle on the 305 

area coefficient was reduced, although slightly higher values were achieved for the nozzle 306 

with the lowest angle. Regarding the velocity coefficient, similar evolution as the one 307 

already indicated form the discharge coefficient was obtained. 308 
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