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1. Introduction 

The diesel injector nozzle is a final element of the 

fuel injection line of the diesel engine and greatly affects the 

process of spraying, the nature and the quality of the injec-

tion, the hydraulic flow resistance. Investigation of hydro-

dynamic processes in the spray channels is a very difficult 

task due to the small size of the flowing channels (0.1-3 mm) 

and the short time period of the injection process (0.1-3 ms). 

Modern requirements to diesel fuel system is increasing in-

jection pressure that changes fuel injection characteristics.  

A perspective and topical task is analytical calcu-

lation of the nozzle cavity by the finite volume method with 

the aid of special advanced software, which allows to create 

a three-dimensional visual model of the flow process in the 

atomizer. Such calculations with a high degree of accuracy 

allow us to estimate the physical parameters of the fuel flow, 

make it possible to carry out a relatively quick and conven-

ient investigation with wide ranges of variables of initial pa-

rameters. It is a necessary step in the process of designing 

and reconstructing the design of the nozzle. 

2. Analysis of references 

The average lifetime of even the most advanced 

designs of a spray nozzle for diesel engines is 150...180 

thousand km. car mileage, which significantly reduces the 

overall resource of the power system and the engine as a 

whole. Given the trends in the automotive industry, today it 

is necessary to have a resource of about 500 thousand km. It 

gives to designer the task of increasing the reliability of the 

most vulnerable elements of the diesel injectors: friction 

pairs, injector cone seat, nozzle holes and injector nozzle tip 

[1-5].  

Construction of the diesel injector nozzle has a va-

riety of disadvantages, which is mainly depends on the com-

plexity of the technological process of its manufacture. 

Work in difficult conditions under the influence of high 

pressures and temperatures, cyclic loads, aggressive envi-

ronment often becomes a reason for failure of the fuel sys-

tem. 

Besides, the perfection of the nozzle design and its 

integrity determines the injection process and thus the com-

bustion quality and formation of harmful substances in the 

exhaust gases (unburned hydrocarbons CH, soot, and nitro-

gen oxides NOx) [6, 7].  

To investigate the hydrodynamic phenomena in the 

nozzle, it is necessary to apply the world experience [7-11] 

of using numerical experiment by using numerical calcula-

tion of hydrodynamics or CFD (Calculation Fluid Dynamic) 

that are implemented in special software complexes. To per-

form this task, the AVL FIRE 2013 software was chosen, 

which completely corresponds to the modern level of hydro-

dynamic processes simulation. In the works [8, 10, 11] is 

given a calculation methods of similar problem of the non-

stationary turbulent flow in the flow part of the injector noz-

zle, considering the two-phase flow, which was used as the 

basis for setting up the own experiment. 

3. The purpose and formulation of the problem 

The purpose of the research is to analyze the com-

plex hydrodynamic processes occurring in the fuel flowing 

cavities, slits and injection nozzle orifices in the nozzle of 

the high-speed diesel engine 4DTNA1. To perform this, the 

following tasks must be solved: 

 to create a nozzle calculation mesh, determine initial 

parameters and boundary conditions of the simulation; 

 calculate the hydrodynamic processes in the flow parts 

of the nozzle; 

 to carry out an analysis of the flow inside and at the 

outlet border of nozzle. 

 identify the arias of the resistance of the flow, pressure 

loss, excessive turbulence of the flow, liquid and vapor 

phase separation and the emergence of the cavitation 

effect; 

 specify ways to improve the flow characteristics in the 

nozzle by optimizing the geometry of the flow path. 

4. Modeling methodology 

Initial data for the calculation were being obtained 

during processing results of research of the fuel equipment 

of diesel engine 4DTNA1 [12]. Pressure data in the high-

pressure fuel line, the needle lifting and fuel parameters 

were used as boundary conditions in the simulation. Main 

parameters are presented in Table 1. 

Table 1 

Boundary conditions for calculation 

Parameter Value 

Pressure in the system of fuel supply, MPa 80 

Pressure in cylinder while injection , MPa 12 

Heel lifting needle, mm 0,25 

Diameter of nozzle orifice, mm 0,2 

Length of nozzle orifice, mm 1 

Angle of axis of nozzles, deg 54 

 

The simulation was performed on the geometric 

model of the nozzle tip flow path of the, which includes in-

jector cone seat, needle tip, nozzle sac and nozzle orifice. 

For the purposes of numerical simulation, spatial calculation 

grids were created by the internal features of AVL FIRE. 

Works [11, 13, 14] is the most correspond to our 

investigation and compare different approach for modeling 
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cavitation phenomena in fuel flow which gives adequate re-

sult to real flow according to [14, 15]. AVL FIRE advanced 

cavitation two-phase flow model. It is based on general 

flued flow theory by Navier–Stokes derivative equations. 

Feather is shown the principal shape of main set of equa-

tions that should be solved for each phase (liquid and vapor) 

separately to define their volume rate of each and their trans-

formation. 

Mass conversation (Continuity Equation): 
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Turbulence flow modelling include turbulence energy 

transport equation: 
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and equation of dissipation of turbulence energy:
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where: t is the time; ρ is the density; x is the coordinate; i, j, 

l are indexes; u is the time-averaged velocity; μ is the dy-

namic viscosity of the liquid; 
2
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  is the turbulent 

viscosity; p is the time-averaged pressure; ,i j  is the Kron-

ecker delta;  
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 is the 

time-averaged product of the pulsating components of the 

projections of velocities on the coordinate axes; Cμ, C1ɛ, C2ɛ, 

σk, σɛ are constants. 

AVL FIRE allows to consider influence of cavita-

tion phenomena on the canal surface stress by using ad-

vanced Erosion Model [16]. It based on the Relay-Plesset 

equation, which calculates the dynamics of the bubble pair 

growth. 
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where: Rb is the radius of bubble of pair; σ is the surface 

tension ratio between fluid and its vapor; psv is the saturated 

vapor pressure; pfb is the fluid pressure round the bubble;   

is the liquid density. 

The mass change between the liquid and the steam 

is calculated by the level of vaporization: 
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Condensation equation: 
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where: evapm and 
condm  are transfer of mass per volume units 

due to vapor formation and condensation; ,v forma and 
va  are 

the volume fraction of vapor formation and pair; 
evapF  and 

condF  are dimensionless coefficients. 

To bring the task closer to the real conditions of the 

injection process, were performed a series of sequential cal-

culations with variable geometry of the model for simula-

tion motion of the needle with certain function. The non-

stationary process greatly increases the amount of calcula-

tions, but gives a complete understanding of the fuel flow 

conditions during all injection time. 

5. Nozzle geometry improvement 

The main parameter for estimating injector’s noz-

zles is their hydraulic characteristic, which shows the de-

pendence of the nozzle opening pressure on nozzle flow 

rate. This parameter depends entirely on the geometry of the 

flow pass parts of the nozzle, namely the orifice holes: the 

injector cone seat (the ratio of the angles of the needle and 

nozzle cones) and nozzle orifice of the spray [9, 11, 13, 17]. 

The geometrical parameters of the nozzle flow 

pass, that have the most significant influence on the hydrau-

lic characteristics are listed below: 

 diameter of nozzle holes and their length; 

 diameter of the nozzle sac, its volume and shape; 

 angle of nozzle orifice inclination to the axis of the nee-

dle movement; 

 the ratio of the angles of the needle and nozzle cones; 

needle tip length and geometry. 
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Fig. 1 Velocity in the holes truncated by symmetry plane (a) and complete nozzle hole (b, c)  

 

To improve the flow rate of sprayers while main-

taining high-quality of spraying it is possible to smooth out 

the entrance edge of the nozzle, to give the nozzle orifices 

the conical shape with a narrowing to the end, to design the 

nozzle orifice axes along the flow direction, to reduce the 

nozzle sac volume or to trim the edge of the nozzle seat cone 

in the edge of the smallest diameters [9, 7, 11, 13, 17]. 

The easiest way to achieve several of the proposed 

measures at once - drilling nozzle holes directly onto the 

nozzle seat cone below the needle seating contact. Such de-

sign is considered perspective in [10-13]. 

Further, to compare the existing and proposed de-

signs of nozzles, we will give the calculation results of the 

both models and will note the important differences if nec-

essary. On the left there will be an existing model with a 

distinct sac (hereinafter "FIRST"), on the right - with a drill 

on the cone (hereinafter "SECOND"). 

6. Consideration of the fuel injection calculation results 

The first received results of calculation were inap-

propriate realistic flow in the nozzle, probably because of 

the using simplified model with the symmetry plane along 

the axis of the opening (Fig. 1a). There was separation of 

the flow inside orifice, the decision to use further the seg-

ment, which completely covers the volume of nozzle hole 

(Fig. 1 b, c). This should greatly increase the quality of the 

calculation model and the accuracy of the calculation re-

sults. 

As a result, of the calculation, we have received 

many instantaneous local parameters of the fuel flow in the 

nozzle at certain phase of injection. For analysis behavior of 

the flow, we will use the following parameters: speed [m/s], 

direction (line of flow), pressure [MPa], turbulent kinetic 

energy, [m2/s2] volume fraction of pair phase [%], cavitation 

erosion speed [nm/hour]. 

Fig. 2 shows calculations of local fuel flow veloci-

ties in the nozzle sac and hole. It shows that in the area of 

the entrance edge of the hole in its upper part (in the SEC-

OND model) there is a hydraulic resistance. As a result, the 

flow rate is reduced by 4 times the maximum level in the 

nozzle orifice. Zone of reduced speed is stored during the 

whole process of fuel injection. 

To eliminate this phenomenon, it is necessary to 

reduce the angle of change the flow direction or to smooth 

out the entrance edge of the nozzle with a radius of not less 

than 0.03 mm. 

 

a 

 

b 

 

c 

 

d 

FIRST                               SECOND 
    

 

Fig. 2 Flow rate during fuel injection: a – begin of needle 

movement (needle lift – 0.02 mm); b – full open noz-

zle (0.25 mm); c – end of injection (0.04 mm);  

d – closing nozzle (0.005 mm) 
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The scales at corresponding needle position of 

models are similar (in average 0 – 500 m/s) so the results 

could be compared visually. Comparing the results of the 

speed calculation for both models it can be noted that the 

FIRST model has more uniform and stable injection, which 

reduces the risk of leaking fuel and as the result gumming 

the hole. By the way SECOND model has 50-70 m/s less 

velocity that show better flow rate and lead to prolong good 

atomization injection period. At the time of full injector 

opening the SECOND geometry allow to normalize bound-

ary flow in injection orifice unlike the FIRST one which re-

duce the useful orifice cross-sectional area. By narrowing 

down the axes of injection holes to injector axe is possible 

to reduce this phenomenon for both geometries. 
 

 

a                                            b 

 

c                                            d 

Fig. 3 Pressure loss in nozzle orifice: a – FIRST model max 

flow rate (needle lift – 0.25 mm); b – FIRST model 

min flow rate (0.005 mm); c – SECOND model max 

flow rate (0.25 mm); d – SECOND model min flow 

rate (0.005 mm) 

 

One of the most important parameters of the injec-

tion is the injection pressure, that is, the pressure in the end 

of the nozzle orifice. This is a direct parameter of the injec-

tion and quality of fuel atomization. Due to the appreciable 

resistance of the flow to the entrance edge of the nozzle or-

ifice, the injection pressure is much less than the pressure in 

the sac. The task of the designer to minimize this resistance 

to achieve a larger outlet flow rate and the best atomization. 

Also important is the pressure in nozzle orifice at the begin-

ning of the needle movement and at the end of it because it 

can lead to the formation of droplets on the walls of the hole 

and lead to their gumming. Therefore, you need to strive to 

increase the injection pressure throughout the fuel cycle. On 

the other hand, the pressure in the sac should not exceed the 

maximal strength of the least normal cross-section area of 

the nozzle tip, which is weakened by the presence of nozzle 

holes. 

Fig. 3 shows the results of calculating the pressure 

at the time of full the needle lifts up and at the time of its 

partial closing for the FIRST and the SECOND models, re-

spectively. Analyze the results of calculating local pressures 

can conclude the most influential causes of the loss of pres-

sure and analyze possible solutions to reduce them. 

Aligning the scale, you can see a slight improve-

ment of the pressure conditions before injector hole for 

SECOND model at the end of injection (d). It occurs due to 

less volume for expansion. At the full needle lift (a, d) the 

pressure loses in the orifices of both models are almost iden-

tical. 

In Fig. 4 it is evident that in the volumes at the end 

of the needle and at the bottom of the sac there is a whirling 

flow, which also affects the inhibition of the flow velocity 

due to internal friction in the liquid. 
 

 
 

Fig. 4 Turbulent flow and whirling flow 

 

In Fig. 4 is shown an example of flow turbulence 

that occurs in places of significant velocity gradients and to 

a greater extent occurs in the boundary layers of the nozzle 

hole. The turbulent motion of the boundary layers affects the 

time of establishing the normal injection process. 

Another important factor, which is an indicator of 

the cavitation phenomenon on the surface of the shutter cone 

and nozzle holes and causes gradual wear of surfaces due to 

the staining of microparticles of a metal (Fig. 5). It occurs 

because the separation of the vapor phase from the liquid 

during a high local vacuum and next collapsing of vapor 

bubbles on the walls surfaces. As the calculation result, it is 

possible to estimate the zone and the relative volume of the 

vapor phase Fig. 5 shows how the volumes of both phases 

are distributed in the stream in such a way that the vapor 

phase separation takes place in the upper part of the nozzle 

orifice, which narrows the actual flow intersection of the 

main stream and reduces the flow factor of the nozzle [18]. 

The SECOND model is more prone to the phase 

separation in the orifice flow, but in this case, at the length 

of the nozzle holes, at the FIRST model 100% of the vapor 

fraction reaches the exit from the nozzle, reduces the flow 

rate of the nozzle, and worsen atomization condition. In the 

SECOND model the flow manages to rejoin the walls and 

denseness of outflow remain coinstantaneous. An advanced 

cavitation model for calculating the flow in a nozzle can pro-

vide a quantitative differential indicator of cavitation wear 

of the washed walls. This indicator is the rate of penetration 

of erosion into the surface [11, 17-22]. The results of cavi-

tation modeling are shown in Fig. 6. 

Thus, due to the greater volume of vapor phase pro-

ducing in the nozzle, the SECOND model is loaded with 

cavitation erosion phenomenon in 1.5–2 times higher than 

the FIRST one. 
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a 

 

b 

 Fig. 5 Vapor phase volumetric fraction for the FIRST (a) 

and SECOND (b) models 

 

 

a 

 

b 

Fig. 6 Mean depth of penetration rate for the FIRST (a) and 

SECOND (b) models 

5. Conclusions 

In the space of AVL FIRE, a fuel flow models have 

been created in the nozzle of the diesel engine 4DTNA1 

when it is fed into a cylinder. The study of fuel flow inside 

diesel injector nozzle, which accompany the fuel supply, has 

been conducted. The simulation had been carried out by us-

ing AVL FIRE program for three-dimensional formulation 

of the problem. CFD simulation of real flow processes were 

performed by internal AVL FIRE advanced calculation 

model that allow taking in account two phases compressible 

fluid turbulent flow. The results of calculation of fuel flow 

for two variants of nozzle holes’ arrangement have obtained. 

The greatest loss of pressure in the flow is observed 

in the peripheral zone of the nozzle at the entrance edge and 

has a variable value of length from 0.1 to 0.3 mm. To elim-

inate this phenomenon, it is necessary to smooth out the en-

trance edge of the nozzle with a radius of not less than 0.03 

mm. Also, due to abrupt change of the flow direction in the 

upper layers of the flow in the nozzle are more vacuum. To 

reduce the pressure difference in the section of the nozzle, it 

is possible to adjust the angle of its inclination to the axis of 

the needle movement. 

To improve the flow conditions in the injector cone 

seat it is possible to make a sharp tip of the needle cone. At 

the time when needle lowering in the nozzle sac large values 

of the turbulent kinetic energy occur. Reducing the volume 

of the sac or creating displacing needle tip cone will de-

crease the turbulization of the flow and related problems of 

nozzle leakage and increasing of additional force of cavita-

tion erosion on the walls of nozzle holes. 

The calculation results allow simulate the process 

of formation and distribution of cavitation processes in the 

nozzle hole. Calculation shows that used for calculation ge-

ometry in certain local zones of nozzle holes the rate of ero-

sion wear can reach values of 8 nm/hour, which lead to im-

pairment of fuel spray quality. 

Comparing the fuel flow parameters of both geom-

etries was found out that variant with drilling the orifices on 

the cone gives enhancement of flow condition and provides 

better organization of fuel injection and atomization. On the 

other hand, the level of cavitation erosion for this geometry 

is higher. 
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O. Vrublevskyi, D. Levchenko 

MODELING OF HYDRODYNAMIC PROCESSES IN 

HIGH-SPEED DIESEL INJECTOR NOZZLE 

S u m m a r y 

This article presents importance of the injector 

nozzle geometry for performance and durability of diesel 

fuel system, quality of fuel spray and in-cylinder work mix-

ture formation. Reviewed ways to improve its hydraulic 

characteristics. As prototype for investigation has used in-

jector nozzle of the high-speed diesel 4DTNA1. The esti-

mated volumetric models of the injector nozzle with two dif-

ferent flowing channels geometry was made. Got the results 

of the fuel flow modeling by CFD calculation. Carried out 

analysis of the diesel flow parameters in both geometries 

with searching ways to reduce hydraulic loses and cavitation 

erosion influence. 
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