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Abstract: This investigation aims at quantifying the spray dynamics of diesel-like injection at the 7 

steady stage. A 1D model based on momentum flux conservation and combined with Gaussian radial 8 

profiles is derived to predict the axial and radial velocity, fuel concentration, liquid volume fraction and 9 

density distribution within the steady spray field. To validate the model over a range of conditions, 10 

global quantities such as spray tip penetration, spray cone angle, spray tip velocity, and spray volume 11 

was measured by diffused back-illumination imaging. The spray characteristics of  hydrotreated 12 

vegetable oil (HVO) and European standard diesel fuel (EN590) under different ambient air conditions 13 

(36kg/m3 and 115kg/m3) are compared to further predict the local velocity, fuel concentration, liquid 14 

volume fraction and density distribution. The present results indicate that an accurate model of diesel-15 

like spray evolution can be obtained for different fuel types and ambient air densities. 16 

Keywords: Diffused back-illumination Imaging, Diesel Spray, 1D model, HVO and EN590 17 

Introduction  18 

The common rail injection system, which has been developed to improve the spray quality and injection 19 

strategies, is capable of increasing engine efficiency and decreasing emissions. Researchers in the field 20 

have focused on atomization, air entrainment, mixing and evaporation of diesel spray [1,2]. However, 21 

the detailed mechanism of fuel spray formation and fuel-air entrainment is still scalcely understood, 22 

calling for an in-depth understanding of the dynamic behavior of the diesel-like spray.  23 

To explain the underlying physics, several optical approaches have been taken to visualize the 24 

macroscopic and microscopic characteristics of the spray. The most typical parameters include spray 25 

tip penetration and spray cone angle, which are macroscopic characteristics that can be obtained by Mie 26 

scattering, shadowgraphy, diffused back-illumination and high-speed schlieren imaging. However, 27 

except for the morphology information for the above techniques that can be provided, the quantitative 28 

data that can be measured is minimal. To obtain more local flow field information, such as velocity, 29 

fuel concentration, and density distribution, more complicated and expensive optical diagnostics 30 

techniques have to be established to satisfy the measuring requirements. For the local velocity 31 

measurement, particle image velocimetry (PIV) is most typically adopted for flow field measurement. 32 

However, it is difficult generally to measure the dense area of the spray near the nozzle[3]. Planar laser-33 

induced fluorescence (PLIF) or  planar laser induced fluorescence (PLIEF) can provide relatively strong 34 

signals from the vapor and the liquid phases to measure the fuel concentration or mass fraction from 35 

the liquid spray. However, oxygen quenches the fluorescence from many tracer species [4]. 36 

Additionally, PLIF or PLIEF requires complex optics, high-powered lasers and fuel additives[5]. Only 37 

a few studies focus on the quantitative spray density measurement. A recent example can be found in 38 

[6], which implemented the background-oriented schlieren (BOS) technique to visualize the difference 39 

in the temporary change in the density distribution by solving Poisson’s equation. This method can be 40 

applied to obtain full-scale visualization of the density fields with a promising spatial resolution. 41 

However, the alignment of the optical circuit is complicated, and the precision of the results is highly 42 

dependent on the optical parameters.  43 

https://www.sciencedirect.com/science/article/pii/S0360544216317959#!


With the development of computer science and Computational Fluid Dynamics (CFD), more details of 44 

the spray structures can be simulated with 2D or 3D models. However, the complicacies of the model 45 

validation and the balance between the computational costs and the accuracy of the results may still be 46 

prohibitive. For example, Reynolds Averaged Navier–Stokes (RANS) is commonly used in CFD to 47 

perform 3D simulations [7, 8], characterized by reasonable computational costs. However, it allows the 48 

no origins, e.g., cyclic variabilities [9]. Large Eddy Simulation (LES) seems to be better adapted to such 49 

situations[10]. However, in principle, LES reduces the computational cost by removing small-scale 50 

information from the numerical solution. Since this information is not irrelevant, it has to be carefully 51 

modeled, otherwise, the accuracy of the simulation results could be questioned. The Direct Numerical 52 

Simulation (DNS) can be used to solve the turbulence flow in an extensive range of time and length 53 

scales without any turbulence model. Nevertheless, DNS is computationally expensive, and its cost 54 

prohibits simulation of practical engineering systems with complex geometry or flow configurations 55 

[11].  56 

A simplified model represents a low computational cost, high efficiency and reasonable predictions on 57 

spray dynamic properties and evolutions. Recently, 1D models are commonly applied to spray 58 

penetration and spray cone angle predictions [12]. Many advances have been made in the fluid 59 

mechanics of single jets, and quantitative and qualitative bases established for the jet theory can be 60 

conveniently adopted for the diesel spray [13]. Several studies have considered momentum flux as the 61 

vital parameter to govern the spray dynamics [14-16]. Before conducting the momentum flux for the 62 

spray flow field simulation, the behavior of the liquid flow inside the injector nozzle has to be 63 

adequately measured or estimated, as it has a significant effect on the spray behavior. For example, 64 

cavitation may occur depending on the nozzle geometry and flow properties [17]. Furthermore, the 65 

velocity at the nozzle exit is critical for estimating the initial momentum, as it will be needed to derive 66 

the spray penetration, cone angle, and velocity. Since the primary break-up is challenging to observe 67 

experimentally, the downstream of the nozzle distance for the primary break-up should be calculated 68 

appropriately. Ueki et al. [18] concluded that the jet disintegration was complete at the 7.5D exit. Once 69 

the initial velocity and spray cone angle are obtained, the spray penetration and velocity can be 70 

calculated by the mass and momentum conservation theory. Siebers [19] developed a scaling law for 71 

the maximum penetration distance of liquid phase fuel in a diesel spray based on jet theory. The 72 

comparison of the scaling covered a wide range of conditions, and a close agreement was shown 73 

between the liquid length scaling law and the measured data. After the 1D model validation, an 74 

additional feature concerning the radial evolution of axial velocity and fuel concentration assuming 75 

fully developed conditions [20-22]. It is notable that the 1D model has to be validated by experimental 76 

data. However, it is independent of the experiments. Once the accuracy of the model has been proven, 77 

it can be conducted to predict the spray characteristics independently. However, present information of 78 

these kinds of models is limited, because there is a straightforward identification of the link between 79 

the outer edge conditions and the results[23]. The present work performs direct visualization of 80 

atomizing sprays with diffused back-illumination imaging combined with the 1D model to obtain both 81 

qualitative and quantitative information on spray fields.  82 

This paper reports an investigation that aims at combining a 1D model with diffused back-illumination 83 

imaging techniques to analyze the relationship among the spray momentum flux, fuel-air mixing and 84 

dynamic evolution. The 1D model based on momentum flux conservation along the spray axis is 85 

validated with the experimental data. It then presents a mathematical model which relates the 86 

momentum flux with axial profiles of velocity, fuel concentration, liquid volume fraction and spray 87 

density. Finally, the 1D model combined with the spray outer edge measured by means of diffused 88 

back-illumination  imaging was employed to calculate the spray field characteristics pixel-by-pixel. The 89 

main contribution of the present study, which makes it different from previous investigations, is the 90 

combination of a 1D model and simple imaging techniques for spray field estimation. 91 



The current investigation can be divided into five sections. In Section 2, the velocity of the liquid jet at 92 

the nozzle exit is determined and calculated based on the model from Sarre et al. [24]. Further, the mass 93 

and momentum conservation theory was adopted to derive the velocity at the axis. In Section 3, the 94 

Gaussian radial profile is assumed for velocity along the spray tip direction, then the local velocity, fuel 95 

concentration, and density distribution are calculated based on the Gaussian radial profile. In Section 4, 96 

the numerical model was validated against experimental data. In Section 5, the spray characteristics of 97 

the HVO and EN590 under different conditions are performed and compared.  98 

Nomenclature 

A ambient air mass flow rate Pvena the pressure at vena-contracta 

Aeff effective nozzle area Stip spray tip penetration 
Aexit nozzle exit area Sc the Schmidt number 

B spray cone angle coefficient t time  

C(z,r) the local fuel concentration U(z,r) the velocity along the z direction 

Caxis(z)) fuel concentration in the 

coordinate z of the spray 

center axis 

Uaxis(z) velocity in the coordinate z of 

the spray center axis 

Cc contraction coefficient Uexit the velocity at nozzle exit 
Cd the discharge coefficient Umean mean velocity at nozzle exit 

D nozzle diameter Urad(z) the velocity at radial direction 

f Blasius or the laminar 
equation for wall friction 

Utip average spray tip velocity 

F fuel mass flow rate Uvena the velocity at vena-contracta 

k velocity coefficient in the 

spray model 

Z,Yf mixture fraction 

Kinlet inlet loss coefficients Greek symbols 

L nozzle length 𝛼 coefficient of the Gaussian 

radial profile for theaxial 
velocity 

Pamb Ambient air pressure ρa Ambient air density 

m exponential coefficient of 
spray cone angle model 

ρf Fuel density 

�̇�(𝑧) momentum in the coordinate 

z of the spray center axis 

ρ(z,r) the local density at the position 

(z,r) 

�̇�𝑒𝑥𝑖𝑡 momentum at nozzle exit ω non-dimensional radial 

coordinate (𝜔 =r/R) 

Pinj Fuel injection Pressure 𝜃 spray cone angle 

Pvap saturation vapor pressure of 
the fuel 

�̅� Liquid volume fraction 

 99 

2. Numerical model derivation 100 

2.1 Velocity at the nozzle Exit 101 

The initial spray conditions are highly dependent on the flow inside the nozzle. As a consequence, the 102 

flow conditions inside the nozzle need to be determined first [14, 24]. The velocity of the liquid jet at 103 

the nozzle exit, Uexit, depends on whether the flow inside the nozzle is cavitating or merely turbulent 104 

[24]. To better visualize the flow condition inside the injector nozzle, Fig.1 demonstrates the 105 

atomization processes of diesel-like fuel injected from a nozzle.  106 



 107 

Fig.1 Flow conditions inside the nozzle and spray characteristics outside at the nozzle exit 108 

Despite the fact that fluid velocity at the nozzle exit can be calculated from typical Bernoulli principle,  109 

the mean velocity of the flow is always lower than the theoretical value due to the losses. To obtain an 110 

accurate Uexit, the discharge coefficient Cd is considered to quantify the difference. 111 

𝑈𝑚𝑒𝑎𝑛 = 𝐶𝑑√
2∙(𝑃𝑖𝑛𝑗−𝑃𝑎𝑚𝑏)

𝜌𝑓
                                                                           (1) 112 

In case of a turbulent flow, the tabulated inlet loss coefficients Kinlet and the Blasius or the laminar 113 

equation for wall friction are applied to discharge coefficient Cd derivation [25]. 114 

 𝐶𝑑 =
1

√𝐾𝑖𝑛𝑙𝑒𝑡+𝑓∙
𝐿

𝐷
+1

                                                                              (2) 115 

Where f is the Blasius or the laminar equation for wall friction: 𝑓 = 𝑀𝑎𝑥(0.316 ∙ 𝑅𝑒−0.25, 64/𝑅𝑒) 116 

In case of a cavitating flow, the Nurick’s expression [26, 27] for the size of contraction can be utilized 117 

to estimate the velocity at the smallest flow area. 118 

𝑈𝑣𝑒𝑛𝑎 =
𝑈𝑚𝑒𝑎𝑛

𝐶𝑐
                                                                         (3) 119 

𝐶𝑐 = (
𝜋+2

𝜋
)
2

− 11.4 ∙
𝑟

𝐷
                                                                  (4) 120 

𝑃𝑣𝑒𝑛𝑎 = 𝑃𝑖𝑛𝑗 −
𝜌𝑓

2
∙ 𝑈𝑣𝑒𝑛𝑎

2 = 𝑃𝑖𝑛𝑗 −
𝜌𝑓

2
∙ (

𝑈𝑚𝑒𝑎𝑛

𝐶𝑐
)
2

                                       (5) 121 

If Pvena>Pvapor, the flow inside the nozzle is a no-cavitating flow. The fuel injection pressure is assumed 122 

as the effective pressure, and the effective area is the geometrical area of the nozzle cross section.  123 

𝑈𝑒𝑥𝑖𝑡 = 𝑈𝑚𝑒𝑎𝑛 = 𝐶𝑑√
2∙(𝑃𝑖𝑛𝑗−𝑃𝑎𝑚𝑏)

𝜌𝑓
                                               (6) 124 

If Pvena<Pvapor, it is assumed that the flow must be fully cavitating, and a new inlet pressure and 125 

effective area have to be estimated. A new discharge coefficient can be estimated as: 126 



𝐶𝑑 = 𝐶𝑐√
𝑃𝑖𝑛𝑗−𝑃𝑣𝑎𝑝

𝑃𝑖𝑛𝑗−𝑃𝑎𝑚𝑏
                                                               (7) 127 

The velocity in the vena-contracta becomes: 128 

𝑈𝑣𝑒𝑛𝑎 = √
2∙(𝑃𝑖𝑛𝑗−𝑃𝑣𝑎𝑝)

𝜌𝑓
                                                         (8) 129 

By application of the mass and momentum conversation equations, the velocity at the nozzle exit can 130 

be obtained [27]: 131 

𝑈𝑒𝑥𝑖𝑡 = 𝑈𝑣𝑒𝑛𝑎 −
𝑃𝑎𝑚𝑏−𝑃𝑣𝑎𝑝

𝜌𝑓∙𝑈𝑚𝑒𝑎𝑛
                                                   (9) 132 

𝐴𝑒𝑓𝑓 = 𝐴𝑒𝑥𝑖𝑡
𝑈𝑚𝑒𝑎𝑛

𝑈𝑒𝑥𝑖𝑡
                                                            (10) 133 

2.2 Momentum Flux 134 

Before the application of the momentum conservation equation for diesel-like spray momentum flux, 135 

the hypotheses assumed to perform the theoretical derivation of the model are given [13, 15, 23]: 136 

(1) The environment in the spray chamber is quiescent. 137 

(2) The spray velocity along the x-direction obeys the Gaussian radial profile. 138 

(3) Momentum, injection velocity and mass flow rate are constant during the entire injection 139 

process. 140 

(4) Ambient air pressure and density keep steady, even the fuel injected into the spray chamber. 141 

(5) The spray is in no-evaporation condition. 142 

 143 

Fig. 2. Schematic of the model approach. 144 

The schematic in Fig.2 shows a coordinates system (z,r) which can describe the basic configuration of 145 

this type of problem. A similar description can also be seen in [13, 27]. The momentum flux at distance 146 

z plane can be written as: 147 

�̇�(𝑧) = �̇�𝑒𝑥𝑖𝑡 = ∫ 2𝜋𝜌(𝑧, 𝑟)𝑟𝑈2(𝑧, 𝑟)𝑑𝑟
𝑅

0
                                      (11) 148 

where �̇�𝑒𝑥𝑖𝑡 = 𝜌𝑓 ∙ 𝐴𝑒𝑓𝑓 ∙ 𝑈𝑒𝑥𝑖𝑡
2 , 𝜌(𝑧, 𝑟) is the local density at the position (z,r), and 𝑈(𝑧, 𝑟) is the 149 

velocity along the z direction defined by Gaussian radial profiles: 150 

𝑈(𝑧, 𝑟) = 𝑈𝑎𝑥𝑖𝑠(𝑧)𝑒
−𝛼𝜔2

                                                      (12) 151 



where 𝑈𝑎𝑥𝑖𝑠(𝑧) is the velocity at the center axis of the spray, r is the radial position, R is the outer 152 

edge  radius of the half spray width, α is a shape factor of the Gaussian distribution[15, 28], and 𝜔 =153 
𝑟

𝑅
. 154 

By solving the Eq. (11), the 𝑈𝑎𝑥𝑖𝑠(𝑧)  can be obtained: 155 

𝑈𝑎𝑥𝑖𝑠(𝑧) =
�̇�𝑒𝑥𝑖𝑡
2

[𝜌𝑎∙
𝜋

2𝛼
∙(1−𝑒−2𝛼)]

1
2∙𝑧∙𝑡𝑎𝑛2(

𝜃

2
)

                                                     (13) 156 

𝑈𝑟𝑎𝑑(𝑧) = 𝑈𝑎𝑥𝑖𝑠(𝑧) ∙ 𝑡𝑎𝑛 (
𝜃

2
) ∙ ω                                                         (14) 157 

It is obviously found that the velocity along the axis is relevant to the tip penetration velocity. 158 

Assuming that the velocity along the axis is proportional to the tip penetration velocity, the 159 

relationship between these two parameters can be written as: 160 

𝑈𝑎𝑥𝑖𝑠(𝑧 = 𝑆𝑡𝑖𝑝) = 𝑘 ∙ 𝑈𝑡𝑖𝑝 = 𝑘 ∙
𝑑𝑆𝑡𝑖𝑝

𝑑𝑡
                                                     (15) 161 

By solving the Eq. (15), the spray tip penetration can be estimated as: 162 

𝑆𝑡𝑖𝑝 =
2

𝑘
∙ (

2𝛼

𝜋
∙ 𝑡2)

1

4
∙ [

�̇�𝑒𝑥𝑖𝑡

𝜌𝑎∙(1−𝑒
−2𝛼)∙𝑡𝑎𝑛2(

𝜃

2
)
]

1

4

                                                  (16) 163 

In the above formula, k is a constant value that can be correlated by means of the measurements, and 164 

the k is 2.076 after calibration. 𝛼 can be estimated on the assumption that the radial position r=R and 165 

𝑈(𝑧, 𝑟)=0.01Uaxis, a value of 𝛼 = 4.605can be obtained. 166 

According to Eq. (13), the spray cone angle has to be predicted before calculating. Based on the 167 

empirical formula derived by Reitz and Bracco [29], the spray cone angle can be written as: 168 

𝜃 =
360

𝜋
arctan(𝐵 (

𝜌𝑎

𝜌𝑙
)
𝑚
)                                                           (17) 169 

where 𝐵  and m are the empirical coefficients. Reitz and Bracco obtained these values: B=0.4275, 170 

m=0.5. However, as the study of Reitz and Bracco [29] was based on a lower pressure system rather 171 

than a modern common rail injection system, it does not fit to the present experimental plots. After the 172 

model validation, the coefficient of Eq. (17) is changed to B=0.31, m=0.25. 173 

2.3 Gaussian Radial Distribution 174 

Based on the previous theoretical derivation, the evolution of radial velocity, local mass fraction and 175 

density are taken into account in the stead spray field. Considering the self-similarity of the velocity 176 

and fuel concentration fields, the following Gaussian radial profile can be considered in the developed 177 

spray region: 178 

𝐶 =
𝑚𝑓

𝑚𝑎+𝑚𝑓
                                                                     (18) 179 

𝐶(𝑧, 𝑟) = 𝐶𝑎𝑥𝑖𝑠(𝑧)𝑒
−𝛼∙𝑆𝑐∙𝜔2

                                                      (19) 180 

𝐶𝑎𝑥𝑖𝑠(𝑧) =
𝑈𝑎𝑥𝑖𝑠

𝑈𝑒𝑥𝑖𝑡
                                                                 (20) 181 

where 𝐶(𝑧, 𝑟) is the local fuel concentration, Sc is the Schmidt number, and according to the J.M. 182 

Desantes’ conclusion[1], the Sc ranges from 0.6 to 1.4 and tiny effects on the axial velocity. In the 183 

current case, Sc=1. 184 



According to the conclusion of Pickett [30], the radial profile given by Eq. (18) represents the fuel liquid 185 

volume fraction with no explicit consideration of fuel evaporation. In addition, the model assumes no 186 

velocity slip between injected fuel and entrained gases. Accordingly, momentum transfer between fuel 187 

droplets and entrained gas is assumed to be fully complete and the local fuel-ambient mixture is 188 

independent of whether there are droplets or vaporized fuel. Essentially, droplet size has no effect and 189 

there is no difference between this “spray” model and that of a hypothetical gas jet with the same 190 

momentum and mass flow rate. The local liquid volume fraction �̅�(𝑧, 𝑟) can be written as: 191 

�̅�(𝑧, 𝑟) =
𝐶(𝑧,𝑟)𝜌𝑎

(1−𝐶(𝑧,𝑟))𝜌𝑓+𝐶(𝑧,𝑟)𝜌𝑎
                                                         (21) 192 

Therefore, the model can be used to predict the local liquid volume fraction distribution within the 193 

spray. This simplified model is widely used as a tool to aid the interpretation of spray combustion 194 

measurements, including estimation of spray mixing to determine liquid-phase penetration length 195 

[19,23] or soot formation trends, as well as to guide spray models within more detailed CFD 196 

applications [28]. 197 

According to literature [23], a 1D spray model based on mixing-controlled hypotheses and the validity 198 

of self-similarity for conservation properties was established for the reaction conditions. The local spray 199 

density at an internal point of the spray, taking into account the local concentration, can be written for 200 

spray local concentration as follows: 201 

𝜌(𝑧, 𝑟) =
𝜌𝑓∙𝜌𝑎

𝐶(𝑧,𝑟)∙(𝜌𝑎−𝜌𝑓)+𝜌𝑓
                                                  (22) 202 

3. Experimental spray measurement and Validation 203 

3.1 Diffused back-illumination Imaging 204 

The diffused back-illumination imaging technique illustrated in Fig.2 enables high-quality spray 205 

images. We adopted a double-pulsed Nd: YAG laser for illumination, which produces an original 206 

wavelength of 1064nm (infrared, invisible) as a fundamental beam, and then was frequency doubled 207 

under second harmonic generation to the wavelength of 532nm (green, visible). The green laser beam 208 

passes through the diverging lens, fluorescent class, milk diffusor and directly reaches the Constant 209 

Volume Spray Chamber (CVSC). A CCD camera with time intervals as small as 200 ns in the opposite 210 

direction was applied to capture the spray image shot-by-shot. The Davis system by Lavision was 211 

employed for the synchronization. A standard macro-lens (Nikon AF MICRO NIKKOR D150mm 212 

f/1:2.8) was attached to the camera. The final resolution was 2048×2048 and pixel resolution 40µm. In 213 

order to measure the fuel spray propagation, the images were captured by a 10µs interval from SOI 214 

(Start of Injection), and there were ten repetitions for each SOI.  215 

 216 

Fig.3 Diffused back-illumination imaging setup 217 

3.2 Experimental Conditions and Fuel Properties 218 



The measurements of fuel sprays were performed in a CVSC system under non-evaporative conditions 219 

at room temperature. The CVSC has four glass windows for light access, which located at four faces of 220 

the chamber. The diameter and the thickness of each window are 100mm and 30mm, respectively. A 221 

modern common rail fuel injection system based on Labview control system was performed to control 222 

the fuel pressure and injection timing. A solenoid-operated common rail injector form L’orange was 223 

employed for the fuel jet. More details of the experimental conditions are shown in Tab.1 224 

Tab.1 Experimental conditions 225 

Fuel Type HVO,EN590 

Ambient Density, (kg/m3) 36,115 

Ambient Temperature, (K) 293 

Fuel temperature, (K) 293 

Nozzle Dimeter, (mm) 0.12 

 226 

Given the present conditions of renewable energy strategy in the European Commission and the 227 

previous studies in the Internal Combustion Engine Research Group of Aalto University, the recent 228 

research focuses on the comparison of renewable hydrotreated vegetable oil (HVO) and crude oil based 229 

EN 590 diesel fuel (EN590). The properties of these two type of fuels are listed in Tab.2 [31,32].  230 

Tab.2 Fuel properties of HVO and EN590 231 

 HVO EN590 

Density@15 oC(kg/mm3) 779.9 843.0 

Kinematic viscosity @ 40 °C (mm2 /s) 3.087 3.208 

Suface tension(mN/m) 28 29 

Heating Value(mJ/kg) 44.1 43 

Reid Vapor Pressure(kPa) <0.1 <1 

 232 

3.3 Image Post-Processing 233 

The characteristics of diesel-like spray are represented in terms of four macroscopic parameters: spray 234 

tip penetration, spray cone angle, average spray tip velocity, and average fuel area and volume. 235 

Dedicated image post-processing algorithms have to be developed to quantify the macroscopic 236 

parameters as indicated in Eqs.(16) and (17).   237 

Fig.4 illustrates the flowchart of the image post-processing. Considering the shot-to-shot variations, ten 238 

repetitions for each SOI were acquired by CCD camera. The average image of the 20 repetitions was 239 

obtained with the Matlab code. The background image without any spray was prepared for subtracting. 240 

After the subtraction from the average and the background, the image was rotated to horizontal direction 241 

to facilitate analysis. A binary image was converted by setting an appropriate threshold for a mask 242 

image. From each single spray image a binarization process results in a corresponding contour and a 243 

spray tip penetration. A statistical method is applied to derive the average spray boundary based on the 244 

probability map [33]. In current study, the average spray boundary is defined as the border of the region 245 

where the probability is equal to or higher than 50%. Then the outer edge of the spray can be detected, 246 

and the spray cone angle and spray tip penetration can be calculated. The local velocity, fuel 247 

concentration, liquid volume fraction and density distribution will be calculated pixel-by-pixel after the 248 

model validation. 249 



 250 

Fig.4 General overview of image post-processing 251 

3.4 Theoretical Model Validation 252 

To validate the theoretical model, the injection pressure, ambient density and fuel density were 253 

employed as inputs to the simulation model. The fuel temperature and ambient temperature were set at 254 

293K, which assuming the fuel spray propagates under non-vaporized conditions.  255 

According to the definition of the spray penetration and spray cone angle, these parameters can be 256 

obtained from the images directly [29]. Fig.5 shows the comparison of the experimental and modeling 257 

results. It can be discernible that the modeled results agree well with the experimental results.  258 

It is worth noting that the variation caused by an increase in the ambient density can be accurately 259 

predicted without changing any input parameters. The penetration decreases with increasing ambient 260 

air density, due to higher resistance for the spray movement and more air entrainment into the spray. 261 

The high resistance of the ambient air reduces the flow velocity and leads to a shorter spray penetration. 262 

This effect can be derived from Eq. (16) directly. With increasing the ambient air density the higher 263 

obstruction for spray movement, which reduces on-axis variables and, consequently, spray velocity is 264 

lower [36]. There was no remarkable difference in spray penetration between the HVO and EN590, 265 

although the fuel density and viscosity of HVO is lower than EN590. These results are coincident with 266 

the conclusions in the literature [37]. According to the Eq.(16), the main factors influencing the spray 267 

tip penetration include ambient density, the momentum at the nozzle exit and spray cone angle. It is 268 

easy to conclude that, the ambient air density is the primary parameter influencing the spray tip 269 

penetration and spray cone angle, which can be derived from Eq.(17). Eq.(6) shows that the initial 270 

velocity at the nozzle exit was only influenced by the fuel pressure, ambient air pressure and fuel 271 

density. Owing to the small exponential factor in  Eqs.(6) and (17), fuel density has a lower effect on 272 

spray tip penetration. 273 



 274 

Fig.5 Comparison of experimental and modeled spray tip penetration under different ambient densities 275 

The spray cone angle of HVO and EN590 at different ambient densities are illustrated in Fig.6. The 276 

stable spray cone angle from 0.1ms to 0.5ms ASOI was considered for comparison. Due to the spray 277 

variations, lead to the trends of spray cone angle is difficult to discern from experimental data. 278 

Therefore, the mean spray cone angle was compared with the experimental and modeled results. It is 279 

observed that higher ambient density results in a slightly larger spray cone angle. With higher ambient 280 

air density, these trends, caused by the increased resistance acting on a frontal area of the spray, leads 281 

to a greater momentum transfer between the spray and the ambient air, which increases the kinetic 282 

energy in the transverse direction. It can be observed that HVO has slightly bigger spray cone angle 283 

than EN590, these trends should be attributed to the Stokes number of the droplets, which is defined as 284 

the ratio of the characteristic time of a particle (or a droplet) to the characteristic time of the flow. In 285 

the case of the Stokes flow, the lower Reynolds number of the droplet results in higher drag 286 

coefficient[37]. Because the viscosity of the HVO is lower than the EN590, which occur in a higher 287 

Reynolds number, then leads to a smaller Stokes number. In addition, a lower Stokes number can cause 288 

instability between the fuel droplet and air entrainments. The vortex induced by the instability is 289 

expected to enhance the radial dispersion and result in a larger spray cone angle. 290 

 291 

Fig.6 Comparison of experimental and modeled spray cone angle under different ambient densities 292 

The comparison of the experimental and modeled axial velocity are shown in Fig.7. The modeled axial 293 

velocity is calculated from Eq. (13), in which the nozzle-exit velocity and spray cone angle are 294 

computed by means of Eqs.(6) and (17), respectively. The spray tip velocity can be obtained from image 295 

post-processing with different timing. Then the experimental axial velocity can be calculated by 296 

Eq.(15). It is noticeable that the axial velocity near the nozzle with the 1D model is over predict 297 



compared to the axial velocity with measurements. That might be attributed to the instability between 298 

the liquid phase and air entrainment. Because the atomization and mixing process is complicated in the 299 

near-nozzle field and the total momentum transfer assumption of the 1D model might not be 300 

appropriate. Moreover, the axial velocity in the near-nozzle field is close to the ambient air speed of 301 

sound which should be taken into account the model. However, after this first transient phase, the 302 

agreement between the model and the experimental data is acceptable. The axial velocity experiences 303 

an exponential decay because of the interaction between the liquid phase and ambient air. The higher 304 

ambient air density implies higher resistance for the fuel spray propagation and then leads to a lower 305 

axial velocity. The axial velocity of HVO is slightly smaller than the EN590 should be attributed to the 306 

lower density and viscosity which can be derived from Eq.(13) and Eq.(16).  307 

 308 

Fig.7 Comparison of experimental and modeled spray axial velocity under different ambient densities 309 

The spray volume plays an important role in evaluating the quality of fuel–air mixing. It can be 310 

calculated through the following equation [38]: 311 
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In the above fomula, Stip is the spray tip penetration and θ is the spray cone angle.  313 

The calculated spray volumes of HVO and EN590 under different ambient air densities are shown in 314 

Fig.8. Because the spray volume is the third power of Stip and θ, the deviation might be magnified. 315 

Therefore, it is suitable to validate the accuracy of the model. The experimental spray volume is 316 

obtained from the image post-processing. Owing to the asymmetry structure of the real spray, the spray 317 

divided into two parts, above and below the spray axis. The spray volume of different parts is calculated 318 

independently and then divided into two to obtain the mean value. Fig.7 indicates that the spray volume 319 

at higher ambient air density is lower than the spray volume at lower ambient air density. This is because 320 

the spray propagation is restrained under the higher ambient air density, which results in lower spray 321 

tip penetration and slightly larger spray cone angle. However, the spray tip penetration has a stronger 322 

influence on spray volume than the spray cone angle. As a consequence, the longer spray tip penetration 323 

to lower ambient air density contributes more to spray volume than in higher ambient air density. Due 324 

to the slightly longer spray tip penetration of EN590, the spray volume of EN590 is marginally larger 325 

than the HVO because of the longer spray tip penetration.  326 



 327 

Fig.8 Comparison of experimental and modeled spray volume under different ambient density 328 

4 Spray Radial Distribution 329 

4.1 Velocity Distribution 330 

According to Eqs.(13) and (14), the velocity in axial direction (Uaxis) and in radial direction (Urad) can 331 

be calculated pixel-by-pixel based on Gaussian radial profile and spray outer edge. Fig.9 shows the 332 

HVO and EN590 spray velocity distribution at 0.5ms ASOI under ambient air density 36kg/m3 and 333 

115kg/m3. The red border is the outer edge of the spray, and the false-color images show the value of 334 

the resultant velocity (the velocity combined Uaxis and Urad). The red arrows represent the velocity 335 

distribution at axial direction. It can be observed that there is a distinct velocity decay at the downstream 336 

of the nozzle. The velocity near the nozzle exit is higher than the velocity at the spray tip and the velocity 337 

near the outer edge. It is worth noting that the velocity distribution is calculated based on the spray outer 338 

edge. Thus the velocity distribution is strongly correlated with the spray edge. It can be observed that 339 

there is no remarkable velocity difference between HVO and EN590 at lower ambient air densities. 340 

However, the velocity distribution of HVO and EN590 at higher ambient density seems more easily 341 

discernible due to the wrinkling of the outer edge.  342 

 343 

 344 
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Fig.9 HVO and EN590 Spray velocity distribution at different ambient air densities 345 

It should be noted that the Dis=10, 20, 30 and 40mm represent the distances of downstream of the 346 

nozzle exit at different fuel jet cross sections (10 mm, 20 mm, 30 mm,40mm). Fig.10 (a)-(d) illustrates 347 

the axial velocity of HVO and EN590 at the different Dis. It can be observed that the axial velocity of 348 

EN590 is slightly higher than HVO at the near-axis and near-nozzle zones. However, at the distant-349 



axis, the axial velocity of EN590 is slightly lower than the HVO. It is notable that the spray width of 350 

HVO is slightly larger than EN590 at the same distance and the same ambient air density. This tendency 351 

means that the lower density and viscosity are causing the lower tip velocity and larger spray cone 352 

angle. This might be attributed to the air interaction on the low density and viscosity fuel. Similarly to 353 

the previous explanation, the low viscosity of fuel means higher Reynolds number, which results in 354 

higher sensitivity with the air entrainment. It is obviously found that the ambient air density has 355 

significant effects on the spray velocity. The axial velocity is decreased with the increase of the ambient 356 

air density. This can be explained by Eq.(13). The higher ambient air density results in higher resistance 357 

on the spray movement. An asymmetric curve of EN590 can be seen at Dis=40mm. This asymmetry is 358 

caused by the asymmetry of spray geometry near the tip.  359 

 360 

(a) Dis=10mm                                                      (b) Dis=20mm 361 

  362 

(c) Dis=30mm                                                  (d) Dis=40mm 363 

     Fig.10 HVO and EN590 axial velocity in radial direction at different downstream distances  364 

The radial velocity at different axial distances provides additional insight into the spray propagations 365 

illustrated in Fig.11. It is notable that the radial velocity is completely incompatible with the axial 366 

velocity. There are two opposite directions for radial velocity, which correspond to the velocities at 367 

upper and lower side. It can be seen that there are two opposite peaks for radial velocity. However, In 368 

the center axis, the radial velocity in the center axis n is zero, which corresponds to no radial velocity 369 

component in the radial direction. This conclusion may not agree with the practical measurements, for 370 

instance, PIV or other optical approaches. Because the diesel-like spray is highly turbulent, the value 371 

and direction of the spray velocity are highly fluctuant. However, the simplified model for spray 372 



velocity in the radial direction can be used to estimate the average velocity distribution. It can be 373 

observed that there is a significant difference of radial velocity between the high and low ambient 374 

densities. Higher ambient air density results in higher resistance for the spray expansion in the radial 375 

direction.  It is also notable that relatively higher radial velocity at low ambient air density occurs on 376 

HVO rather than EN590 due to the lower density and viscosity, which results in lower Stokes number 377 

and drag-coefficient of the droplets. However, at the higher ambient air density condition, the peak 378 

values of HVO and EN590 are almost the same. Hence, the radial velocity of the spray is insensitive to 379 

the fuel properties at high ambient air density conditions. 380 

 381 

(a) Dis=10mm                                                   (b) Dis=20mm 382 

  383 

(c) Dis=30mm                                                    (d) Dis=40mm 384 

Fig.11 HVO and EN590 radial velocity in radial direction at different downstream distances  385 

4.2 Fuel Concentration Distribution 386 

Fig.12 illustrates the fuel concentration of HVO and EN590 at 0.5ms ASOI under two ambient air 387 

densities at different fuel jet cross sections (10 mm, 20 mm, 30 mm,40mm). A significant gradient of 388 

fuel concentration in the spray can be discernible, both in axial and radial directions. The ratio of radial 389 

position and spray width (𝜔 = 𝑟 𝑅⁄ ) is adopted in this radial profile for the outer edge of the spray, 390 

where the modeled mixture fraction is zero. According to the conclusion in [30], the fuel spray has a 391 

smaller spreading angle in the near-field and transitions to a larger angle in the far-field. As a 392 

consequence, there is a smaller gradient of fuel concentration in the near-nozzle and a larger gradient 393 

of fuel concentration in the spray tip.  As interpretation in Section 3.4, the local fuel concentration at a 394 



different position is determined by the model inputs, which include the fuel spreading angle, ambient 395 

air density, liquid fuel density and the spray edge based on the imaging. It is interesting to note that 396 

higher ambient air density leads to a larger gradient of fuel concentration. Meanwhile, higher liquid fuel 397 

density also leads to a larger gradient of fuel concentration. It can be concluded that the HVO has more 398 

optimal mixing characteristics than EN590 due to the relatively lower density. 399 
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Fig.12 HVO and EN590 fuel concentration at the different downstream distance 400 

Fig13(a-d) indicates the fuel concentration of HVO and EN590 under different ambient air densities at 401 

different fuel jet cross sections (10 mm, 20 mm, 30 mm,40mm). It is predicted that the radial fuel 402 

concentration profiles are self-similar, also self-similar within axial distance. Owing to the higher axial 403 

velocity Uaxis of the EN590, which also represents higher fuel concentration in axial direction, this can 404 

be derived from Eq.(20). The radial profiles of the fuel concentration indicate that the gradient of fuel 405 

concentration at low ambient air density is larger than at the high ambient air density. This is because 406 

the high ambient air density obstructs the fuel propagation, although a similar amount of fuel is injected 407 

into the lower and higher ambient density environments, the spray volume in lower ambient air density 408 

is an order of magnitude larger than in the higher ambient air density. It can be observed that the shape 409 

of the fuel concentration profiles is similar to the axial velocity profiles in Fig. 10. The results are in 410 

agreement with the conclusions presented in [13].  411 

 412 

(a) Dis=10mm                                                             (b) Dis=20mm 413 



 414 

(c) Dis=30mm                                                         (d) Dis=40mm 415 

Fig.13 Fuel concentration of HVO and EN590 in radial direction at different downstream distances  416 

4.3 Liquid Volume Fraction Distribution 417 

Fig.14 indicates the liquid volume fraction of HVO and EN590 at 0.5ms ASOI under two different 418 

ambient air densities, 36kg/m3 and 115kg/m3. It can be observed that the local liquid volume fraction 419 

has an extremely high gradient. It is related to the spray volume expansion and fuel concentration, which 420 

has been illustrated in Fig.7 and Fig.13. It is notable that the visible liquid volume fraction in the false-421 

color images (Fig.14) only appear at the near-nozzle exit and close to the center axis. The interpretation 422 

of this phenomenon can be attributed to the spray volume expansion, because after the fuel jet is out 423 

from the nozzle, the liquid fuel experiences primary and secondary breakups and breaks into thousands 424 

of tiny droplets, meanwhile the spray volume is also thousands of times larger than initial stage due to 425 

the droplets movement and air entrainment. It is not difficult to observe that the ambient air density has 426 

dramatic effects on the liquid volume fraction. It can be seen that the length of the visible liquid volume 427 

fraction in the false-color images is less than half of the spray tip length at lower ambient density 428 

condition with HVO and EN590. However, this value is more than half of the spray tip length at higher 429 

ambient density condition. The interpretation is that the volume expansion rate at lower ambient air 430 

density is much higher than at the higher ambient air density due to less resistance for the spray 431 

movement. The reason can be interpreted in Fig. (7) and Eq. (21). No significant difference in liquid 432 

volume fraction is found in the false-color images between HVO and EN590 under the same conditions.  433 

According to the definition of the liquid length in [40], the visible length of the liquid volume fraction 434 

can probably be used to estimate the spray liquid length under evarporating conditions, but the 435 

relationship is still remains unclear. However, it not difficult to conclude that the simplified liquid 436 

volume fraction model offers a highly accessible and straightforward method to quantify spray mixing. 437 
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Fig.14 HVO and EN590 liquid volume fraction at different ambient air density 438 

The local liquid volume fractions of HVO and EN590 under different densities at different fuel jet cross 439 

sections (10 mm, 20 mm, 30 mm, 40mm) are shown in Fig.15 (a)-(d). The fuel properties play a crucial 440 

role in liquid volume fraction near the nozzle exit zone, as can be observed in Fig.15 (a). However, with 441 

increasing distance, the influence of the fuel properties becomes weaker, which can be followed in 442 

Fig.15(b-c). This is because, at the initial stage, the entrainment mechanism is led by liquid phase, the 443 

liquid volume fraction is more dependent on the fuel properties, for instance, density and viscosity. 444 

However, at the far-end of the nozzle exit, the main entrainments are led by the ambient air, the liquid 445 

phase has fewer effects on the liquid volume fraction. It can be seen that the liquid volume fraction at 446 

the far-end (Dis=40mm) of the nozzle is small, and the maximum is only about 0.01. The shape of the 447 

liquid volume fraction has the similar distribution as the axial velocity and fuel concentration. As a 448 

consequence, if an increase or decrease in velocity is matched by an increase or decrease in ambient 449 

entrainment, a well-known result for fuel liquid volume fraction can be predicted. Although the liquid 450 

volume fraction model has not been validated in current studies, similar measurements from previous 451 

studies [36, 39] based on Rayleigh-scatter mixing measurements have concluded that the experimental 452 

and model liquid volume fraction profiles edge forward near-zero at a similar radial distance. 453 

  454 

(a) Dis=10mm                                                        (b) Dis=20mm 455 

  456 

(c) Dis=30mm                                             (d) Dis=40mm 457 

Fig.15 HVO and EN590 liquid volume fraction in radial direction at different downstream distances  458 

4.4 Spray density Distribution 459 



Fig.16 shows the local spray density distributions of HVO and EN590 at 0.5ms ASOI under different 460 

ambient air densities. It is notable that the local spray density is the absolute density, which includes 461 

the ambient density. The spray density distribution has a high-density gradient from the nozzle exit to 462 

the tip. The spray near the nozzle exit and center axial has a higher density. However, the spray near 463 

the outer edge and the tip has a significantly lower density. This is because the spray density distribution 464 

substantially depends on the mass flow rate and spray volume. Once the liquid fuel jet is out from the 465 

nozzle, there is a great spray volume expansion. The spray volume expansion ratio can be derived from 466 

the Eq.(23). According to the analysis shown in Fig.7, the spray volumes of HVO and EN590 are close, 467 

and the mass flow rates of the HVO and EN590 are similar, which can be approximated with Bernoulli 468 

Function. Consequently, the spray density distributions of HVO and EN590 are similar under the same 469 

conditions. Because the spray density distribution is derived from the outer edge of the spray, as a 470 

consequence, the spray density distribution is highly dependent on the spray configuration. It implies 471 

that the similar spray geometry contains identical spray density gradient information under the same 472 

ambient air density.  473 

 474 
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Fig.16 HVO and EN590 spray density distribution at different ambient air densities 475 

To improve the comparability of the spray density at different positions downstream of the nozzle exit. 476 

The relative density was defined as the spray density subtract the ambient air density. The relative 477 

density of the HVO and EN590 at different positions of downstream the nozzle exit can be observed in 478 

Fig.17 (a)-(d). It is shown that the spray density at the higher ambient air density represents faster 479 

density decay than at lower ambient air density. At Dis=10mm, the spray density of HVO and EN590 480 

at higher ambient air density is much higher than their spray density at lower ambient air density. 481 

However, at Dis=20mm, the spray density at lower ambient air density is slightly higher than the spray 482 

density at higher ambient air density, clearly exceeding the spray density at higher ambient air density 483 

at Dis=30 and 40mm. The spray density of EN590 is higher than the HVO in certain areas where near 484 

the axis center; however, because of the larger radius of the outer edge, the HVO has a broader spray 485 

distribution at Dis=10 and 20mm. However, at Dis=30 and 40mm, because of the effects of ambient air 486 

entrainments, the spray density distribution of HVO narrower than EN590. 487 

Based on the X-Ray Radiography measurement on different nozzle geometry, a Gaussian curve fits the 488 

data more accurately at most measurement positions[39]. The distribution in local spray density 489 

distribution can be examined to quantify the behavior of the spray better.  490 



 491 

(a) Dis=10mm                                                       (b) Dis=20mm 492 

 493 

(c) Dis=30mm                                                 (d) Dis=40mm 494 

Fig.17 HVO and EN590 spray density in radial direction at the different downstream distance  495 

5. Summary and Conclusion 496 

This study aimed at understanding the behavior of diesel-like spray dynamics. For that purpose, the 497 

diffused back-illumination  imaging technique was adopted to capture the spray images at different 498 

ASOIs. A 1D model based on physical considerations and empirical evidence was developed to predict 499 

the diesel-like spray characteristics. The major conclusions in this study are as follows: 500 

(1) The theoretical model based on momentum flux in the axial direction was solved in terms of on-501 

axis variables by assuming self-similar radial profiles for axial velocity and local fuel concentration. 502 

The input parameter such as velocity at the nozzle exit and spray cone angle were calculated and 503 

validated based on an empirical model. The diffused back-illumination imaging was performed to 504 

validate the accuracy of the model. The results show that the modeled results are in good agreement 505 

with the experimental results on spray tip penetration, spray cone angle, axial velocity, and spray 506 

volume. This encourages further consideration of axial and radial velocity, local fuel concentration, 507 

liquid volume fraction, and local density based on the Gaussian radial profile.  508 

(2) The experimental arrangement based on diffused back-illumination was performed to measure the 509 

global spray characteristics of HVO and EN590 under different ambient air densities. According to the 510 

comparison, there were no remarkable differences in the spray geometry between the HVO and EN590. 511 



However, the ambient air density seems to have notable effects on the spray dynamics, which can be 512 

explained by the momentum flux conservation.  513 

(3)The quantitative comparison of spray characterisitcs of HVO and EN590 has been performed with 514 

experimental and modelled approaches. The differences of penetration, spray angle, axial velocity and 515 

spray volume are -1.96%, 13.08%, 3.17%, and -13.3% respectively at low ambient air density condition. 516 

At high air density condition, the differences are even smaller. The characteristics of local velocity, fuel 517 

concentration, liquid volume fraction  and density distribution of HVO and EN590 are similar, which 518 

indicate that HVO appears to have the similar air-fuel premixing process compared to the conventional 519 

petroldiesel. 520 

(4) In summary, the main contribution of the current investigation is the integration of momentum flux 521 

conservation, Gaussian radial profile to the practical image outer edge. This enables the visualization 522 

of the spray characteristics based on very straightforward optical measurements, other than complex 523 

diagnostics techniques such as PIV, PLIF or X-ray imaging.  524 
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