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A new model of fuel spray shape at early stage of injection in a 
1 

marine Diesel engine 2 

Abstract. The macrostructural parameters of fuel spray atomized with an injector from a marine 4-stroke Diesel engine are 3 

determined. The fuel was injected into a constant volume chamber providing an optical access. The sprays inside the chamber were 4 

visualized by means of the Mie scattering method. The marine injector was fueled by diesel oil at a constant temperature through the 5 

common rail system. The impact of ambient conditions and the geometrical parameters of the injector on the macrostructural parameters 6 

of the fuel spray was studied. The experimental results are used to propose a modified model of spray tip penetration in early stage of 7 

fuel delivered by the marine injector. The proposed model has a lower error, about 15%-34%, than the model of Hiroyasu and Arai. 8 

Moreover a new model of the evolution over time of the spray cone angle is developed. 9 

1 Introduction 10 

Diesel engines are commonly used sources of mechanical energy on ships. Typically, there are low-speed two-stroke 11 

diesel engines and medium-speed four-stroke ones. The source of energy in such engines is the combustion process of 12 

diesel oil or heavy fuel oil. Due to the large dimensions of marine engines and long periods of operation (many weeks of 13 

continuous operation), the air pollution may be considerable. The International Maritime Organization (IMO) has 14 

established the Marine Environment Protection Committee (MEPC), which has determined limitations on the amount of 15 

sulfur in fuel that is acceptable for the Sulphur Emission Control Area (SECA). These limitations are too low to allow the 16 

use of high fuel oil (HFO) in these SECAs. Therefore, marine diesel oil (MDO) is used. It should be noted that a marine 17 

engine with a nominal power of 10 MW consumes 48 tonnes of fuel per day (on the assumption that the specific fuel 18 

consumption is 200 g/kWh). Due to the significant air pollution and high costs of operating marine engines as a result of 19 

fuel consumption, engineers and scientists must improve the in-cylinder processes so that the combustion is cleaner and 20 

more efficient.  21 

The combustion process in a diesel engine cylinder is mainly determined by the fuel injection process (Zhou et al., 22 

2019). Fuel delivered by the injector is atomized and simultaneously evaporated and mixed with air/exhaust gas mixture 23 

and burnt. According to Payri et al. (Payri et al., 2015), five phases may be observed in fuel tip propagation: (I) non-24 

reaction, (II) auto-ignition expansion, (III) stabilization, (IV) acceleration, and (V) quasi-steady propagation. The first 25 

phase is usually divided into two stages: primary and secondary break-up (Hiroyasu and Arai, 1990). Fuel is delivered 26 

and atomized to the cylinder under high pressure. The atomized fuel creates a cloud of droplets in a conical shape. The 27 

conical cloud of droplets is described by two main parameters: spray tip penetration (STP) and spray cone angle (SCA) 28 

(Figure 3.) and micro-parameters such as Sauter Mean Diameter (SMD) or the average droplet diameter. It has been 29 
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shown that these phenomena are determined by the dimensions of the fuel nozzle holes, the fuel flow, the pressure in the 30 

engine cylinder, and the properties of the fuel.  31 

 In the literature, there are many studies numerical and experimental concerning the parameters of fuel injection depending 32 

on the injection pressure (Chen et al., 2019; Lei et al., 2019; Vaid et al., 2014), backpressure (ambient pressure in the 33 

engine cylinder)(Jing et al., 2017; Payri et al., 2009, 2017), and shape of the nozzle holes (Wang et al., 2015) including 34 

their conicity, which is defined by the K factor (Feng et al., 2016; Som et al., 2011), K = 1 for cylindrical holes. According 35 

to results obtained by Payri et al. (Payri et al., 2008), an increase of the K factor causes an increase of the SCA. The 36 

method of fuel injector activation affects the parameters of the fuel spray as well. In (Yu et al., 2017) and (Suh et al., 37 

2007), measurement results for piezo- and solenoid-driven fuel injectors were presented. The energizing of the fuel 38 

injector by a piezoelectric system with a fuel injection pressure of 60 MPa causes lower tip penetration and a higher SCA 39 

compared to energizing by a solenoid system. An analysis of adjacent fuel injection holes (Nishida et al., 2009) is also 40 

available. Most researchers assume that the break-up process is determined by cavitation phenomena on the rough surfaces 41 

of the nozzle holes (Liu et al., 2018; Wang, 2013). Most researches are limited to the injection process of the general 42 

Diesel engine. Therefore, the injection system and fuel spray parameters of marine diesel engine with the large nozzle 43 

length/diameter (L/D) with operating parameters the same as in a marine diesel engine is studied rarely. The cavitation 44 

phenomena is important design criterion of the fuel injection system and spray characteristics in marine Diesel engines.  45 

Yan et all. (Yan et al., 2016) studied effect of injection pressure on cavitation and spray in marine diesel engine. In this 46 

studied was used to simulate cavitation and spray two – phase flow model combined with single bubble dynamics and a 47 

droplet break-up model. The numerical simulation results was compared to the experimental data. In the research of 48 

marine injectors, an increasing development of numerical simulation test is observed. Balz R.(Balz et al., 2021) and all 49 

presents numerical and experimental investigation of cavitation in marine Diesel injectors. They showed that, 50 

experimental in-nozzle flow visualization has shown cavitation patterns in the nozzle bore. It is determined that, the 51 

geometric characteristics of nozzle bore location and its direction have a dominant effect on the type and evaluation of 52 

cavitation formation. The additional have been executed CFD simulation results in order to validation results. With the 53 

development of research on alternative fuels, there are a lot of studies on the characteristics of the fuel spray and 54 

combustion of fuels other than diesel (Adamczyk et al., 2020; Cai and Abraham, 2017; Yu, 2019). 55 

 It should be emphasized that the available publications concerning fuel injectors and injection conditions usually treat 56 

those occurring in diesel engines with small dimensions compared to marine engines (Kostas et al., 2009). According to 57 

Kowalski (Kowalski, 2014), the diameter of the nozzle holes in marine fuel injectors is commonly larger than 0.3 mm. 58 

The fuel injection pressure is similar at 40 MPa (except for common rail systems) and the backpressure exceeds 4 MPa 59 

at the instant of injection. The largest observed diameter of a nozzle hole (0.3 mm) is presented in (Lee and Park, 2002), 60 

but under higher fuel injection pressure. The parameters of the fuel spray are determined using mathematical models 61 
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presented in the literature. The many developed models of diesel STP are elaborated based on the assumptions made by 62 

Hiroyasu and Arai (Hiroyasu and Arai, 1990) or Naber and Siebers (Naber and Siebers, 1996). The fuel atomization 63 

model of Hiroyasu and Arai is used for the analysis of experimental research and the rating of the validity their results. 64 

This model assumes that STP is linearly proportional to the time only in the early injection period. The values of the 65 

various spray parameters depend on time, ambient gas density, backpressures and differences in fuel specifications. After 66 

the period of time in which the STP has a linear proportionality, it has been found to be proportional to the square root of 67 

the elapsed time. In the period of time in which it is proportional to the square root of the elapsed time, geometrical 68 

parameters of the fuel nozzle, such as the diameter, must be taken into account. The other models of fuel STP described 69 

in the literature are similar to that of Hiroyasu and Arai and are in general two-step (Bohl et al., 2017; Kostas et al., 2009) 70 

including tB. According to these models, the initial step before tB does not include the geometrical parameters of the fuel 71 

nozzle. But usually SCA and STP are measured for fully developed spray (Bohl et al., 2017; Hiroyasu and Arai, 1990; 72 

Reitz and Bracco, 1979). In a marine diesel engine, the start of combustion is much earlier (Kowalski, 2016). Hence, the 73 

present authors believe that the description of the early stage of fuel spray is most important to understand and describe 74 

the combustion process in the engine cylinder. The second novelty area, in comparison to other works, is the finding of a 75 

dependence between the geometrical parameters of the fuel nozzle and the fuel spray geometry at the early stage of 76 

injection. This problem is omitted in the model of Hiroyasu and Arai and other models.  77 

The main target of the present paper is to propose a new model of STP and SCA for large injectors. On the basis of 78 

experimental research, new models are proposed for the early stage of fuel spray, taking into account the geometry of a 79 

large fuel injector. The model is obtained on the basis of experimental results and a modification of the Hiroyasu and Arai 80 

model.  81 

2 Laboratory setup  82 

The research was conducted in a constant-volume chamber with a quartz window providing 100-mm optical access 83 

(Figure 1.) (Grochowalska, 2019). The injector used is a conventional pressure-opened diesel injector from a Sulzer Al 84 

25/30 type marine engine equipped with a Unit Pump injection system. The injector was located at the top of the chamber. 85 

This setup allows observing the evolution of a single fuel jet at a distance of almost 100 mm (half of the cylinder bore). 86 

The fuel was supplied to the injector by a high-pressure common rail system equipped with a fast-acting electromagnetic 87 

valve releasing fuel flow to the injector. The pressure behind the injector was measured by means of a Kistler type 4067E 88 

(Kistler, 2014) piezorezistive pressure sensor. 89 

The spray inside the chamber was observed by means of the Mie scattering technique (Grochowalska, 2019; Piazzullo 90 

et al., 2017). The spray was illuminated in a visible range of wavelengths as in Zigan et al (Zigan et al., 2011). Mie 91 

scattering results may differ greatly depending on the type of spray illumination. 92 
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 93 

Figure 1. Constant-volume chamber with injector on the top (Grochowalska, 2019) 94 

Light sheet illumination is necessary when visualizing hollow cone sprays. As far as cylindrical nozzle sprays are 95 

concerned, the integral type of illumination performs very well, especially in the determination of global spray parameters. 96 

In this study, both SCA and STP were determined and therefore the integral illumination of the spray was chosen. For 97 

this purpose, two externally located halogen lights (0.5 kW each) were used. The illuminated sprays were observed by a 98 

Photron SA1.1 high-speed camera. The resolution of the recorded images was 512 × 256 pixels. The images were recorded 99 

at a frequency of 40 kHz. A schematic of the experimental setup is shown in Figure 2. 100 

 101 

Figure 2. The experimental setup 102 

 103 

 104 

 105 

 106 

 107 

 108 

 109 

Halogen 

lights 

Camera 

Injector 

 Spray 

cloud 

Quartz 

window 

 

Metal 

plug 

Fuel supply 

Marine fuel 

injector 

Constant 

volume chamber 

Quartz window 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

 

5 

 

Table I. Nozzle parameters 110 

 Diameter (D) [µm] Ratio 
𝑳

𝑫
 K factor (Som et al., 2011) 

Nozzle 1 285 10.9 1 

Nozzle 2 325 9.5 1 

Nozzle 3 375 8.3 1 

The injection process was tested for three different nozzle diameters. The ratio 
𝐿

𝐷
 (L is the length of the nozzle and D is 111 

its diameter) is presented in Table I. The fuel pressure in the common rail system was 50 MPa. The injector opening 112 

pressure was adjusted to 25 MPa (the same as in the Al 25/30 marine engine). Each nozzle was tested at two different 113 

backpressures: 3.2 and 4.3 MPa, corresponding to half- and full-load engine operation, respectively. The measurement 114 

was repeated three times at each point. The temperature during the test was 300 K. The measured diesel oil viscosity and 115 

density were equal to 2.35 mPa*s and 816.1 kg/m3, respectively, at 40 C. The obtained images were processed by DaVis 116 

v8.4 software. 117 

3 Results and discussion 118 

Figure 3 presents an example of the resulting macro-parameters of the tested diesel spray. STP is defined as the 119 

distance from the nozzle to the front of the spray (Feng et al., 2016; Heywood, 1988). According to the presented results, 120 

the spray direction is determined by three lines: two on the boundaries on the left and right sides and the third being the 121 

line of the nozzle symmetry. Interpolation of the left and right sides of the boundary was performed.  122 

 123 

Figure 3. Schematic of diesel fuel spray defining its macro-parameters 124 
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125 

 126 

Figure 4. Mie scattering spray image for nozzle 2 with a backpressure of 4.3 MPa 127 

The analysis of the macrostructure of the fuel spray was conducted using 250 frames for each injection process, which 128 

covered the range from the beginning of the injection to the complete development of the spray. Figure 4 shows selected 129 

images presenting the development of the diesel fuel spray for nozzle 2 with a backpressure of 4.3 MPa. The 130 

measurements and received series of images depicting the diesel spray from the injector were recorded. Prior to the 131 

calculation of the macro-parameters of the diesel spray, pictures had to be prepared. The first stage of image processing 132 

was scaling from pixels to millimeters with verification of the nozzle position in the picture. One pixel is equal to 0.13 133 

mm in this study. Secondly, the spray isolator function was used to separate the spray from the ambient and to eliminate 134 

reflections and image noises within a short distance from the spray. The prepared series of images was used to define the 135 

STP and SCA, and propose a new model for these parameters. 136 

3.1 Spray Tip Penetration 137 

Figure 5 presents the results of the STP measurements. The presented test results are the arithmetic mean of three 138 

observations of the measurement and are qualitatively similar to the results presented in (Cai and Abraham, 2017; Siebers, 139 

1999). Comparing these with the results of combustion in the AL25/30 engine from (Kowalski, 2014) it should be noted 140 

that the start of combustion is when the cloud of the fuel spray is not fully developed. These charts contain data only up 141 

to 0.0004 s (the cloud of the fuel spray is not fully developed). According to Siebers (Siebers, 1999), the maximum STP 142 

of fuel spray increases linearly with the increasing of nozzle diameter. This trend was observed in experimental results in 143 

the early stage of STP. 144 

In the standard combustion chamber conditions the maximum liquid spray distance is limited by hot air entrainment rate 145 

and mixing of fuel and air (Siebers, 1999). First of all, the energy needed for evaporation of the fuel results from the high 146 

ambient temperature in the cylinder of a diesel engine. The above evaporation is influenced by nozzle diameters, hot air 147 
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entrainment rate and properties of the fuel. A decrease of the nozzle diameter causes a reduction of the size of the fuel 148 

droplets produced and lowers their speed. This finding was presented in the test results in (Som et al., 2011). It is important 149 

to mention that decreasing 
𝐿

𝐷
 (the increase of the nozzle diameter in this case) may cause a turbulent flow inside the nozzle 150 

and cavitation (Yao et al., 2016) which could also influence the results obtained here. Naturally, when the distance from 151 

the nozzle increases, the diameters of the droplets in the fuel spray decrease (Yu, 2019). As ambient gas density increases, 152 

spray dispersion increases, which results in more entrained air particle in the spray. The larger entrained mass leads to a 153 

slower penetration velocity based on conservation of momentum, and therefore, reduced penetration (Balz et al., 2020). 154 

This is caused by the aerodynamic resistance in the constant volume chamber (secondary break-up). The influence of 155 

increasing backpressure on reducing the STP was shown in (Grochowalska, 2019; Payri et al., 2017; Wang et al., 2016) 156 

and (Yan et al., 2016)and are confirmed by the present results. On the basis of the analysis in Figure 5 and (Grochowalska, 157 

2019), it may be concluded that an increase of backpressure generally causes a reduction of STP for big nozzles. The 158 

reason for this is the formation of large droplets at the exit of the fuel injector nozzle about the big diameter of the outlet 159 

nozzle. The large droplets break up longer in time under the influence of backpressure, but also have a higher growth rate 160 

at the very beginning compared to the diameter droplets formation by the smaller diameter of the outlet nozzle. The higher 161 

growth rate of STP was shown in Figure 6. The growth rate of STP was particularly higher for a big nozzle at a 162 

backpressure of 3.2 MPa than at 4.3 MPa. It should be noted that the working space of the constant volume chamber was 163 

filled with nitrogen. As is well known, nitrogen has a lower density than oxygen contained in the air. Therefore, the 164 

experimental results of STP are valid only for the considered condition. 165 

 166 

Figure 5. STP for the nozzles 1, 2, and 3 with backpressures of 3.2 MPa and 4.3 MPa 167 

 168 

  169 
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 170 

Figure 6. Growth rate of STP for backpressures of 3.2 MPa and 4.3 MPa 171 

3.1.1 Model for spray tip penetration 172 

The temporal development of the STP in the combustion chamber of diesel engines has been examined and 173 

described for many years. Generally, many correlations come from the work of Hiroyasu and Arai (Hiroyasu and Arai, 174 

1990). These correlations were used for comparison purposes in this paper. The Hiroyasu and Arai model was verified at 175 

low injection pressure and backpressure. Therefore, the theoretical correlations were believed appropriate in analysis of 176 

the dependencies of the spray parameters of a marine diesel engine. Hiroyasu proposed that during the early stage of fuel 177 

injection the spray penetration is proportional to time [linear stage (1)], while at later stages it is proportional to the square 178 

root of the time (2). The time when the transition occurs is referred to as the breakup time tb (3). The Hiroyasu and Arai 179 

model is presented in the form: 180 

𝑆𝑇𝑃(𝑡) = 0.39 √(
2 ∆𝑃

𝜌𝑓
) 𝑡 … .0 < 𝑡 < 𝑡𝑏                         (1) 181 

𝑆𝑇𝑃(𝑡) = 2.95 (
∆𝑃

𝜌𝑓
)

1

4
√(𝐷𝑡) … 𝑡 > 𝑡𝑏          (2) 182 

𝑡𝑏 = 29
𝜌𝑓𝐷

(𝜌𝑎∆𝑃)0.5            (3) 183 

STP (t)- STP (m), ∆P – difference between fuel pressure in the nozzle and the ambient pressure (Pa), ρf-fuel density 184 

(kg/m3), D-nozzle diameter (m), t-time (s). 185 

According to the results presented in Figure 5, a linear model of STP may be adopted from the start of injection (SOI) to 186 

(2.0-3.4) x10-4 s, depending on the backpressure and nozzle diameter (time tb). A smaller nozzle diameter and higher 187 

backpressure cause a decrease in tb. According to the Hiroyasu and Arai model, the STP at the beginning of the injection 188 

does not depend on the nozzle diameter, but the measurement results show that this is not true. The initial stage of the 189 

experimental evolution of STP for all cases is very similar but not the same. Figure 5 shows the STP of the initial stage 190 

in the charts up to 0.0004 s, in which it can be seen that there are differences, as depicted. Geometrical parameters such 191 

as the length to diameter ratio of the fuel nozzle have a significant effect on the STP in the considered nozzles. The 192 
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influence of this ratio on liquid length spray penetration was found by Siebers (Siebers, 1999) who found a linear relation 193 

between the nozzle hole diameters and liquid spray penetration, but only for fully developed fuel spray. The early stage 194 

STP model of Hiroyasu and Arai does not include changes in the nozzle diameter, but only the difference between the 195 

fuel injection pressure and backpressure. As one of the main parameters of influence on the STP of fuel spray there is the 196 

difference between the pressure into the nozzle and the backpressure in the constant volume chamber, which was included 197 

in the Hiroyasu and Arai model. Therefore, in the presented experimental tests, the fuel pressure in the fuel line was 198 

measured. The diesel fuel pressure was maintained by a fuel pump. The fuel pressure sensor was located in the fuel line 199 

in front of the fuel injector (Section 2 Laboratory setup). The fuel pressure before the exit nozzle is equal to the fuel line 200 

pressure. Opening the fuel injector caused fuel to flow and temporarily change the pressure in the fuel line to be the same 201 

as in the nozzle. At first there follows a sharp rises of the fuel pressure, which then becomes stable. The temporary fuel 202 

pressure change in the fuel line and fuel spray propagation in the constant volume chamber continued simultaneously. In 203 

(Lei et al., 2019) there was presented research about the effect of the injection behavior on fuel spray penetration, 204 

confirming the influence of the fuel pressure on the characteristics of the spray. Therefore pressure changes should be 205 

taken into consideration. Figure 7 presents the early stage of the experimental data of STP to time 0.0004 ms of the 206 

development of the fuel spray and the Hiroyasu and Arai model based on the experimental input data.  207 

 208 

Figure 7. Early stage of the experimental data of STP and Hiroyasu and Arai model on based experimental input data 209 

In Figure 7 there can be observed differences between the experimental results and the Hiroyasu and Arai model for the 210 

considered backpressures. The average relative error between the experimental results and the Hiroyasu and Arai model 211 

is in the range 19%-38% (Figure 9). Therefore, it can be suggested that a mathematical model of linear STP should be 212 

extended to include the influence of the nozzle diameters. The present analysis shows that Equation 1 of the Hiroyasu and 213 

Arai model should be extended for the considered experimental results to the following form: 214 

𝑆𝑇𝑃(𝑡) = 0.0641 ∙ (
𝐿

𝐷
+ 1) √(

2∆𝑃

𝜌𝑓
) ∙ 𝑡          (4) 215 
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 ratio
L

D
 , L- nozzle length [m], D – nozzle diameter [m]; 216 

Examples of the results of the new model of the STP for Nozzle 1 are presented in Figure 8.   217 

 218 

Figure 8. Early stage of the STP for new model, experimental data and Hiroyasu and Arai model 219 

The results of the modified model for STP agree with the experimental data. By introducing the ratio 
L

D
 it is possible to 220 

adjust the model results to the experimental data for different nozzle geometries in the early stage of injection. 221 

Figure 9 presents the calculated relative errors of the Hiroyasu and Arai model and the proposed STP model for the early 222 

stage of injection in comparison to the experimental results. A general analysis shows that the proposed model gives a 223 

lower average error in relation to the experimental results compared with the Hiroyasu and Arai model. The decrease of 224 

the mentioned error is about 15%-34% for the considered parameters in dependence on the fuel nozzle geometry. 225 

 226 

Figure 9. Average relative error between experimental of STP and new model of STP for all considered nozzles 227 

 228 

3.2 Spray cone angle  229 

Figure 10 presents the evolution of the SCA with time for the considered nozzles and backpressures. In the early stage 230 

(from the SOI up to 0.001 s), the increase of the SCA can be observed for all of the tested nozzles. The value of the 231 

maximum SCA for diesel oil and different diameters of nozzles changes in a range of about 16°–20°. Nevertheless, 232 
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depending on the geometrical parameters of the injector nozzle, the growth rate of the SCA differs. When the nozzle 233 

diameter is increased and 
L

D
 is decreased, it is possible to observe a decrease of the SCA at all considered backpressures, 234 

as shown in Figure 10. This is probably caused by the need for a longer time for the break-up and partial evaporation of 235 

the droplets produced by nozzles with bigger diameters. 236 

 237 

Figure 10. SCA for considered nozzles 1, 2, 3 and backpressures 238 

The influence of the backpressure on the SCA was also observed. This is confirmed by (Feng et al., 2016) and Figure 10. 239 

This is particularly observed for big nozzles of a fuel injector. An increased density of the surrounding gas causes a higher 240 

growth in the radial direction than in the axial one. As mentioned before, the difference between the fuel pressure and the 241 

backpressure influences the fuel spray. Therefore, Figure 11 shows the course over time of SCA in dependence on the 242 

difference between the injection pressure of the fuel injector and the backpressure into the constant volume chamber (∆P). 243 

It should be noted that the injection pressure was changed in time, but the backpressure was almost constant.  244 

 245 

Figure 11.  (SCA/∆P) ratio over time for considered nozzles and backpressures 246 

Additionally, the value of the SCA may be influenced by cavitation occurring at the end of the nozzle (Balz et al., 2020). 247 

The formation of cavitation bubbles at the exit of the nozzle may cause greater dissipation and an increase of the value of 248 

the SCA (Sou et al., 2007). For nozzles 2 and 3 there was observed a significant effect of a change in the difference 249 
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between the pressures on the SCA in time (Grochowalska, 2019). This is related to the formation of large droplets in the 250 

fuel spray at the beginning and the aerodynamic resistance in the constant volume chamber. An increase of backpressure 251 

in the constant volume chamber caused a decrease in the influence of the difference between the pressures on SCA for 252 

nozzle 2 and nozzle 3. 253 

Generalizing this observation, a change in the fuel pressure in the fuel line over time in relation to the 254 

backpressure on the exit injection nozzle has an influence on the SCA. This influence on the SCA decreases over time. 255 

The second observation is that an increase of the backpressure on the exit of the fuel nozzle causes a decrease in the 256 

influence of the pressure change on the value of the SCA over time. 257 

3.2.1  Model for the Spray Cone Angle 258 

The existing mathematical models for SCA represent constant angles through the whole time of the development 259 

of the spray (Heywood, 1988; Kegl and Lešnik, 2018; Reitz and Bracco, 1979). The models in the literature include some 260 

characteristics of the nozzle and parameters of the injection process, fuel properties and spray environmental conditions. 261 

In the present paper, the Hiroyasu and Arai model of the SCA was selected for comparison with the experimental data. 262 

That model was presented in Equation (5), and Table II presents the SCA for the experimental and calculated results. 263 

𝑆𝐶𝐴 = 83.5 (
𝐿

𝐷
)

−0.22

∙ (
𝐷0

𝐷𝑠𝑎𝑐
)

0.15

∙ (
𝜌𝑔

𝜌𝑓
)

0.26

,          (5) 264 

Where: Dsac – the diameter of injector sac;  265 

Table.II SCA [°] by Hiroyasu and Arai Model and experimental data 266 

Nozzle 

 

Backpressure 3.2 MPa 

 (H&A model) 

Experimental  

Average 3.2 MPa 

Backpressure 4.3 MPa 

(H&A model) 

Experimental 

Average 4.3 MPa 

1 12.97 17 14.00 19 

2 13.63 16 14.71 18 

3 14.34 17 15.49 17 

The experimental SCA for the considered large nozzles were higher in comparison to results from the Hiroyasu and Arai 267 

model. Auto ignition of the air-fuel mixture in the cylinder of the marine engine occurs when the fuel spray does not reach 268 

its maximum development parameters. Therefore, it is important to develop a model of the change in the SCA over time. 269 

The first five measurements of SCA were omitted from the analysis due to their great dispersion, probably caused by 270 

measurement inaccuracy. The mentioned measurements results have a large error due to the difficulties in processing the 271 

photographic results. The SCA at the beginning of the course at the time was difficult to estimate. The proposed model 272 

presented in this paper Equation (6) was developed on the basis of dependencies defined by combining terms from existing 273 
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models. When analyzing the experimental results, one can notice the logarithmic function of the early stage of the 274 

evolution of the SCA over time.  275 

 Using this as the basis, the following proposed model of SCA was formulated: 276 

𝑆𝐶𝐴 =  [−0.462 ∙
𝐿

𝐷
+ √𝛥𝑃 ∙ (

𝜌𝑓

𝜌𝑔
)

0.2

] 𝑙𝑛(𝑡) + (3.17 ∙ 𝛥𝑃 − 28.067),        (6) 277 

By analyzing all considered cases, the average of relative error of proposed model of SCA over time is 20% for 278 

backpressure 3.2 MPa and 17% for backpressure 4.3 MPa.  279 

4 Conclusions 280 

The macrostructure of diesel oil spray from a marine engine injector was characterized using the Mie scattering 281 

method. The parameters that were measured were the spray tip penetration (STP) and the spray cone angle (SCA). These 282 

parameters were analyzed in terms of three different nozzle diameters and two backpressures 3.2 and 4.3 MPa 283 

corresponding to engine operation under half and full loads, respectively. The main theories concerning the influence of 284 

the geometric parameters of the injector nozzle on STP and SCA were confirmed: 285 

- Increasing the diameter D of the injector nozzle or decreasing the ratio 
L

D
 (where L is the length of the nozzle) 286 

increases the STP and SCA; 287 

- Changing the backpressure from 3.2 to 4.3 MPa decreases the STP and increases the SCA.  288 

The early stage of STP was described based on the Hiroyasu and Arai model. But the proposed model also includes 289 

a dependence on 
L

D
. Additionally, a model for SCA was developed which assumes a logarithmic dependence of the SCA 290 

on time. The average of the relative error of the proposed model from the experimental results was about 18%. The new 291 

mathematical models of the fuel spray parameters used in this work were obtained on the basis of experimental work with 292 

specific conditions. Therefore, the mathematical models of SCA and early STP are specified for specific conditions such 293 

as the geometrical parameters of a marine injector, the injection pressure, and the backpressure into a constant volume 294 

chamber. 295 

 296 

 297 

 298 

 299 

 300 
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