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Abstract 

It is well known that near-nozzle fuel liquid jet development dominated by internal nozzle flow and fluid-

dynamic instability governs the primary break-up process of the injected fuel. The fuel primary  atomization con-

trols the mixing of fuel with surrounding oxidant gas, which is significant to achieve highly -efficient and clean 

combustion for diesel engines. Different nozzle geometries under the same working conditions can lead to dra-

mat ically d ifferent behaviors in combustion performance and emissions format ion. While the relat ion between 

nozzle flow and spray development in the combustion chamber is still a  challenging topic with a high improve-

ment potential. Based on the third-generation synchrotrons of Shanghai synchrotron radiation facility (SSRF), 

the high-precision three-dimension structure of nozzle with detailed internal geometry information were obtained , 

which is the basis of the subsequent numerical simulat ion. A 3D-Eulerian Spray multiphase model coupled with 

the cavitating flow inside the nozzle was put forward  to simulate  the whole spray process, including the primary  

atomizat ion and secondary break-up. The nozzle flow and near-field spray were simulated with the VOF mult i-

phase model. At a certain downstream location, where the spray is diluted, this Eulerian spray approach was 

switched to conventional Lagrangian approach. In this model, the fuel volume fract ion of the cell at the switch 

position determined the droplet size. This entire methodology was validated through the experimental data of 

liquid  spray penetration under non-evaporating chamber conditions. The mult i-scheme numerical simulations 

were carried out by this model to investigate effect of the nozzle geometry  and configuration on inner cav itating 

flow and the subsequent spray characteristics. 
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Introduction  

High-pressure diesel in jection is an enabling technology for modern low-emission and high-efficiency di-

esel engines. But the atomization  mechanisms for high-speed liquid  jets are still not well understood and know-

ledge is incomplete, even after more than one hundred years of study, both experimentally and numerically.  For 

a typical spray in d iesel engines, spray tip penetration, spray angle, droplet size and number density and their 

distributions have been the primary interests of investigations. With the advent of advanced experimental tec h-

niques, it is now possible to obtain more detailed spray informat ion, such as  the fine spray structure, spray mo-

mentum, and liquid  volume (or mass) fraction d istributions. All these efforts have provided and will continue to 

provide new insights and motivations for the development of new spray atomization models  
[1]

.  

Cavitation and turbulence inside a diesel injector p lay a crit ical ro le in primary spray  breakup and devel-

opment processes. In diesel fuel in jectors, cavitation can be beneficial to the development of the fuel spray, since 

the primary atomization and subsequent break-up of the liquid fuel jet can be enhanced. Primary breakup is be-

lieved to occur in the reg ion very close to the nozzle tip  as a result of turbulence,  aerodynamics, and inherent 

instability caused by the cavitation patterns inside the injector nozzle  orifices. In addit ion, cavitation enhances 

the liquid velocity at the nozzle exit due to the reduced exit area available for the liquid. Cav itation patterns ex-

tend from their starting point around the nozzle orifice inlet to the exit, where they influence the formation of the 

emerging spray. Geometrical parameters include the type of sac volume (valve covered orifice VCO, IM-

PROVED or miniSAC), o rifice inlet curvature, o rifice length, ratio of inlet to outlet orifice diameter, and its sur-

face roughness. Dynamic parameters include the imposed pressure gradient, in jector needle lift, and needle ec-

centricity. The study of cavitation in  realistic injectors is challenging, both theoretically and experimentally, 

since the associated two-phase flow field is turbulent and highly complex, characterized by large pressure gra-

dients and small orifice geometries 
[2-5]

.  

It is rather d ifficult  to obtain the internal accurate three-dimensional geometric structure by non-destructive 

traditional methods due to the structural characteristics of the diesel fuel injector nozzles . The problem can be 

solved effectively by the use of synchrotron radiation technology 
[6]

. The precise nozzle geometrical parameters 

provide a reliable basis for the numerical simulation of the whole  flow and subsequent spray process simulation. 
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The most efficient and widely-applied approach is the Lagrangian-Droplet-Eulerian-Fluid (LDEF) method, 

as can be seen in many commercial software and open source codes. Instead of solving the liquid phase as a par-

tial-d ifferential-equation based continuum such as in, the LDEF method treats the liquid as discrete  particles. 

These particles are assumed to be negligib le in vo lume and are superimposed on the continuous gas phase as 

material points. At the nozzle exit, liquid fuel is injected as discrete “blobs”, and a linear stability based pheno-

menological model is applied to account for the primary breakup 
[7-8]

. In spite of its efficiency, the accuracy in 

the near-nozzle region is low, due to fact that the liquid fuel is actually a continuum as observed in both experi-

ments and DNS. As a result, the model's connection to the nozzle flow is inherently weak, despite some efforts 

to model the unresolved near-nozzle physics and to consider the effects of in-nozzle cavitation and turbulence on 

the primary breakup 
[9-10]

. 

In this paper, the accurate three-dimensional geometric structure of the real nozzle was measured as a basis 

for numerical simulations. In STAR-CD software , VOF method was used to simulate the internal nozzle flow 

and the original position of the traditional LDEF method was set in the dilute spray region of the nozzle down-

stream, thus nozzle flow (cavitation and turbulence)  and the efforts of aerodynamics in the dense region co m-

monly  in fluencing of primary  atomization could  be considered comprehensively. The velocity (magnitude and 

direction) and density of the upstream Euler flow were made as the initial conditions of the downstream LDEF 

and then the spray angle and spray penetration of the diesel spray were simulated effectively, reflecting the 

asymmetric properties caused by turbulence and cavitation. At present, the initial parcel size in the simulation is 

given by empirical formula. Then, in order to validate this simulat ion model, comparisons with experimental 

data were performed. Finally, Effect of different injector geometries  on the spray angle, penetration, and particle 

size distribution under different injection pressures were investigated. 

 

Synchrotron Radiation Measurement of Nozzle Structure 

Synchrotron radiation is the electromagnetic radiation generated by electronic which changes direction 

in curvilinear motion at nearly the speed of light in a magnetic field.  Synchrotron Radiation is greatly  distin-

guished from conventional light. Synchrotron radiation  is  characterized by unparalleled functions: high collima-

tion, high polarization, high coherence, wide spectral range, high spectrum, high photon flux and so on. Shang-

hai Synchrotron Radiation Facility (SSRF) is a third-generation  synchrotron radiation facility which can provide 

a variety of synchrotron radiation from infrared light to hard X-ray
 [11] 

.  

As shown in figure 1, the experiment was made on the X-ray imaging and biomedical applications beam 

line station BL13W 1 (SSRF). The station employed Wiggler light which  can adjust photon energy ranging from 

8~72.5keV, energy resolution less than 3×10
-3

, maximum beam size 48mm(H)×5.3mm(V), photon flux densi-

ty1.9×1010phs/s/mm
2
. Precise guide rail (accurate to the μm) made sure that the distance between light and 

sample base was 34m and detector was 8m. In the process of measurement, electron in the synchrotron radiation 

storage ring radiated high-energy X-ray when the magnetic field steers. Being adjusted to 55keV after a series of 

processing, electrons penetrated the front of injector and exposure to scintillat ion crystal, turned into ordinary  

visible light and captured the X-ray absorption image at the front of injector by CCD camera. In jector rotated 

180°at  the speed of 1.8°/s on the sample rotation stage. During rotation, CCD camera captured an X-ray absorp-

tion image every 0.2 ° with 10s exposure time and 9mm spatial resolution of the image.  

 

        
   Figure 1 Test bench and the main equipment   Figure 2  Measurement of orifice d iameters, orifice 

length, orifice angle and orifice inlet curvature  

As shown in figure 2, the orifice top diameter is 182.8μm, the orifice middle diameter is 183.1μm and the 

orifice bottom diameter is  182.7μm. The orifice length is 598.2μm, the top and bottom orifice inlet  curvature are 

65.2μm and 33.1μm. The orifice cone angle is 125.8°. Th is injector structure was the basis of the consequent 

nozzle flow and spray simulat ion. 
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Spray Simulation Coupled with Nozzle Flow 

Nozzle flow model  

The nozzle flow was modelled with two-fluid  model. In two-fluid models, the liquid and vapor phases are 

treated separately using two sets of conservation equations. The model is based on the transport of volume frac-

tion, and a source term representing phase transition that  is governed by the difference between local pressure 

and vapour pressure. Cavitation is assumed to occur due to the presence of bubble nuclei or micro bubbles within  

the liquid, which can  grow or co llapse, as described by the vapor fraction transport equation. The growth and 

collapse of the bubble are taken into account according to the Rayleigh’s simplified bubble dynamics equation
[12]

. 

It is assumed that all vapor bubbles in a control volume have the same radius and a homogenous distribution. 

This assumption allows us to describe the bubble distribution by a single scalar field, the vapor volume fract ion 

αv. Assuming that only one liquid  phase and the corresponding liquid -vapor phase can occupy the control vo-

lume where cavitation takes p lace, equation(1)gives a relationship between the vapor volume fraction αv  and the 

average vapor bubble radius R: 
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 where Vv is the volume occupied by the vapor, V the total control volume, Vl the volume occupied by the 

liquid and Nbub the number of vapor bubbles in the control volume.  

The vapor volume fract ion αv inside a control volume can change due to convective transport and bubble 

growth or collapse. The equation(2) describing the transport of αv assumes that the vapor density is much smaller 

than the liquid density and is given by: 
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The modeling of cavitation bubble growth rate that appears on the right-hand side of equation(3), is based 

on the Lagrangian observation of a cloud of bubbles, and the conventional bubble dynamic (observation of a 

single bubble in an  infinite stagnant liquid) . Th is analysis results in the so-called extended Rayleigh-Plasset equ-

ation: 
22
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where psat is the saturation pressure corresponding to the temperature at the bubble surface,  p∞ is the pres-

sure of the surrounding liquid, ρl and μl are the liquid density and viscosity, and σ is the surface tension coeffi-

cient. 

The precise geometry structure of nozzle obtained by synchrotron radiation measurement was used to simu-

late the nozzle flow. Figure 3 was the structure used for nozzle flow simulation. A ll simulations were made with 

the standard k-ε turbulence model with standard wall functions. The solver was based on the pressure correction 

method and the SIMPLEc algorithm was used. The upwind differencing scheme was used for the discretization 

of the k-ε turbulence model equations. The cavitation model based on the Rayleigh equation links the rate of 

change of the bubble radius with the local pressure. In this model both the liquid and vapor density are constant 

and there is no slip between bubbles and liquid.  

 
Figure 3 The mesh of nozzle used for calculation 
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Spray model 

The near-field dense spray was simulated with the VOF mult iphase model. The atomization  of d iesel sprays 

is modeled as a turbulent mixing process of the liquid fuel with the ambient gas. At a certain downstream loca-

tion, where the spray is diluted, this Eulerian spray approach was switched to conventional Lagrangian approach .  

It was assumed that the spray zones, where the distance to orifice outlet is longer than 2mm, were dilute 

spray zone. The simulation  cells  of switch location cross-section, whose liquid vo lume of fraction was bigger 

than 0.5, were chosen as the fuel injector cells. The positions of these cells were considered as the position of the 

droplet parcels injected and the velocities of these cells were considered as the initial velocities (magnitude and 

direction) of droplets. So this model could simulate the spray angle and it was not needed to give previously. The 

initial droplet size was determined by the fuel liquid volume of fraction. The diameters of fuel droplets were 

proportional to the volume of fraction  value of fuel liquid. It was assumed that the init ial size was the orifice 

diameter multip ly by corresponding scale factor 
[13]

. 

The conventional Lagrangian spray was simulated by STAR-CD. Theoretical studies provided a criterion for 

the onset of break-up and concurrently an estimate of the stable droplet diameter, Dd,stable , and the characteristic 

time scale τb of the break-up process. This allows the break-up rate to be calculated from equation(4): 
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Where Dd is the instantaneous droplet diameter.  

Instability is determined by a critical value of the Weber number (We) and the droplet Reynolds number 

(Red), equation (5)(6): 
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The criterion for the onset of this Stripping break-up regime is  
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The characteristic time scale for th is Stripping break-up reg ime is 
1/2
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Here, the empirical coefficient Cs1is the value 0.5 and Cs2 is in the range 2 to 20. 

Results and Discussion 

Injection pressure 

The VOF value of liquid fuel and in itial velocity (magnitude and direction) at switch position were two key 

parameters of the switch criteria. The VOF value was obtained by the nozzle flow simulation in switch position, 

as shown in figure 4. The i, j, and k  were the three directions of velocity. Velocity in  k  was the direction vertical 

to orifice outlet cross-section. The mean velocity in k  increased with the growing of inject ion pressure from 

10MPa to 100MPa, while the VOF value of liquid fuel decreased. The velocity in i and j direction were contri-

buted to the spray angle. 

 
Figure 4 The velocity and VOF in different injection pressures (1ms) 
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Figure 5 Injectoin pressure 10MPa: (a) volume of fraction of fuel vapor (cross-section), (b) velocity in  k 

direction (vert ical direction of orifice outlet),(c) volume of fract ion of fuel vapor (orifice outlet), (d) 

mass fraction of fuel and spray particle distribution. 

 
Figure 6 Injectoin pressure 30MPa: (a) volume of fraction of fuel vapor (cross-section), (b) velocity in  k 

direction (vert ical direction of orifice outlet),(c) volume of fract ion of fuel vapor (orifice outlet), (d) 

mass fraction of fuel and spray particle distribution. 

As shown in figure 5 and figure 6, the s tructure of spray were asymmetric as the result of nozzle flow (cavi-

tation and turbulence). The fuel liquid spray penetration of 10MPa was obviously shorter than that of 30MPa. 

The velocity in k in the cavitation zone was smaller than other zone. The cavitation zone in the nozzle was not 

asymmetric. 

Ambient gas pressure 

The ambient gas density had a significantly larger effect on spray penetration and a smaller effect on spray 

dispersion. The different chamber pressures correspond to different ambient gas density. The injection pressure 

was 30MPa and the ambient gas pressure was 0.2MPa, 1MPa and 2MPa, respectively. As shown in figure 7, the 

spray penetration lengths under different ambient gas pressures were obviously different. The larger the ambient 

gas pressure, the shorter the penetration length. 

 
Figure 7 spray penetration of different ambient gas pressure 
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Validation 

The DLH1105 product engine was reconstructed, the optical system and the control and data acquisition sys-

tem were developed to set up a set of visual engine for experiment of spray, as shown in figure8 (left). The visual 

spray experiment was performed on this bench and the spray development process were shown in figure8 (right). 

   
       Figure 8 left: visual engine for spray and combustion, right: experimental results of spray 

From figure 9, it  can be easily found that the simulation data of coupling spray was much closer to the expe-

rimental data than that without consideration of the detailed nozzle cavitating flow.  

 
Figure 9 Tip penetrations of single spray, coupling spray and experiment data 

 

Effect of different injector geometries on the spray characteristics 

Using above verified coupling spray model, the multi-scheme numerical simulations were carried out for 

different nozzle geometry parameters, such as the ratio  of nozzle hole length to diameter(l/d), hole entrance cur-

vature radius(r) and three different nozzle configurations like Sac-hole, IMPROVED and VCO type of nozzle to 

analyze the effect of nozzle geometries on the subsequent spray structure. 

The ratio of nozzle hole length to diameter. The nozzle configuration was Sac-hole. The pressure at the in-

let was 50MPa and the back pressure was 0.5MPa. The ho le entrance curvature radius  was 0. The simulat ion 

results for different ratios of nozzle hole length to diameter ( l/d= 2, 3 and 4) were shown in figure 10. The vapor 

volume fraction at the hole outlet and the spray tip penetration decreased while Sauter Mean Diameter-SMD 

increases if the ratio of length to diameter increased. 

  
Figure10 Spray tip penetration and SMD for r/d= 2, 3 and 4 

 

The hole entrance curvature radius . The nozzle configurat ion was Sac-hole. The pressure at the inlet was 

50MPa and the back pressure was 0.5MPa. The ratio  of ho le length to diameter was 4. Figure 11 showed the 

simulation results for different hole entrance curvature radius(r=0, r=0.0228mm and r=0.0456mm) of the nozzle. 



ICLASS 2012, 12th Triennial International Conference on Liquid Atomization and Spray Systems, Heidelberg, Germany, September 2 -6, 2012 

 7 

It presented that the hole entrance curvature radius had a strong effect on volume fraction of vapor distribution. 

If the ratio of hole length to diameter decreased, the vapor volume fraction at the hole outlet and the spray tip 

penetration decreased rapidly and the p lace where cav itation appeared became further away  from the hole en-

trance. 

 
Figure11 Spray tip penetration and SMD for r=0, 0.0228 and 0.0456mm 

 
Three types of nozzle with di fferent sac volume.  The different sac geometries were considered here. The 

standard nozzle (STD) had a larger sac volume before the nozzle holes. The VCO (Valve Closed Orifice) nozzle 

has nearly no sac volume and the fuel enters the holes across the narrow annulus of nozzle. While the improved 

nozzle had a sac volume much smaller than the STD nozzle and the upward location of the nozzle hole similar 

with the VCO nozzle.  

For these three different models, they had the same boundary conditions and orifice geometry. In let pressure 

was 50MPa and the back pressure was 0.5MPa. The calculation results were shown in Figure12. Sac-hole nozzle 

had the shortest spray tip penetration and the largerest value of SMD, while VCO nozzle had the longest penetra-

tion and smallest value of SMD. Considering of nozzle cavitating flow comprehensively, from the aspect of 

spray tip penetration and SMD, IMPROVED nozzle could acquire better spray characteristics. 
 

        
Figure12 Spray tip penetration and SMD of three different types of nozzle  

 

Summary and Conclusions 

The X-ray phase contrast imaging measurement could obtain a high-precision  three-dimensional structure 

model of nozzle internal geometry. It was helpful to establish the CFD model of nozzle more exact ly. Comparing 

the visual spray experiment data and numerical results, it  was verified that the spray model coupled with cavitat-

ing flow in nozzles was more accurate than the normal spray model widely used nowadays.  The mult i-scheme 

numerical simulations indicate that the nozzle structure has a strong effect on internal cavitating flow and subse-

quent spray. The simulat ion results supply the theoretical foundation for the optimization design of the injector. 
At present, the initial parcel size in the simulation was given by empirical formula. In our future work, we 

plan to simulate the init ial parcel size by the liquid mass fraction and the liquid surface density (liqu id surface 

area per unit volume) transport equations 
[14]

. 
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