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Abstract: The improvements in the fuel injection system of diesel engines can significantly reduce
the emission of harmful pollutants. Cavitation phenomenon inside a diesel injector plays a critical role
in primary spray breakup and development processes. In this paper, a CFD analysis of the influence
of internal flow through various nozzle geometries on the global characteristics of the spray, including
spray tip penetration, sauter mean diameter (SMD) and spray pattern are discussed in a heavy-duty
DI diesel engine. Cylindrical nozzles with different nozzle inlet R/D ratios and nozzle hole, L/D ratios
are used in order to observe the individual effects of these geometrical parameters. With respect to
the liquid-phase, spray calculations are done based on a statistical method referred to as the Discrete
Droplet Method (DDM). The results show that the lower R/D ratio or the sharper nozzle inlet leads
to lower spray tip penetration length, larger spray angle and smaller droplet sizes due to stronger
cavitation phenomena in the nozzle hole. Interestingly, soot emissions for a rounded-edged nozzle are
much higher compared to a sharp-edged nozzle with the same rate-of-injection. Inversely, round edge
inlet nozzle produces lower NOx emission in compared to sharp edge inlet nozzle.
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INTRODUCTION

In a diesel engine, the design of fuel injection nozzle is an important factor for the improvement of the
combustion performance and reduction of emissions because nozzle geometry influences the spray
characteristics and air–fuel mixing in the engine.

Cavitation is one of the most important factors that influence nozzle flow characteristics, which is
generated from the liquid to bubble in the low static pressure flow regions when the pressure is less than the
saturated pressure (Nurick, 1976). There are some works in the literature, which is focused on influence of
cavitation on the discharge coefficient, internal flow, air-fuel mixing and spray characteristics in the nozzle of
injector. Lefebvre (1989) was investigated the spray development concerning to the effect of nozzle geometry
and injector operating conditions, and the experimental and computational studies were developed based on
this review by many of researchers (Han et al., (1997); Cousin and Nuglisch (2001); Gavaises and Arcoumanis
(2001); Halder et al., (2002). Payri et al., (2004) reported that cavitation leads to an increase of the spray cone
angle and measured the spray momentum in order to explain the effects of nozzle geometry. Computational
and experimental studies of a variable nozzle flow were performed by Kim et al., (2006). They reported that
the discharge coefficient of a nozzle is a function of the Reynolds number and this parameter increases when
the larger equivalent nozzle diameter is used. But the majority of these works has been performed in a constant
volume vessel and without considering its effect on combustion and exhaust emissions from CI engines. Several
CFD codes such as FIRE, STAR-CD, FLUENT or KIVA-3V, widely used for research on chemically reacting
flows, offer sub-models for fuel sprays simulation.

In this work a commercial CFD code is used. Spray description is based on the Lagrangian discrete droplet
method (DDM). While the continuous gaseous phase is described by the standard Eulerian conservation
equations, the transport of the dispersed phase is calculated by tracking the trajectories of a certain number
of representative parcels (particles). A parcel consists of a number of droplets and it is assumed that all the
droplets within one parcel have the same physical properties and behave equally when they move, breakup,
hit a wall or evaporate. The coupling between the liquid and the gaseous phases is achieved by source term
exchange for mass, momentum, energy and turbulence. Various sub-models account for the effects of turbulent
dispersion, coalescence, evaporation; wall interaction and droplet breakup.
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The aim of this work is to study the effect of the orifice geometry of a diesel injector on cavitation
phenomena, spray characteristics, combustion and emissions in a DI diesel engine. In order to investigate this
effect, various nozzle hole geometries is used. In the first part, two kinds of inlet nozzle hole geometry that
is consisted round edge inlet (RI) and sharp edge inlet (SEI), are studied. In the second part, the effect of
various ratios of length to bore of nozzle hole is explored.

Model Description:
Especially in Diesel engines there is a strong interaction of mixture formation and combustion since both

processes occur simultaneously. The most important phenomena are the liquid core atomization, the collision
and secondary break-up of fuel droplets, their momentum, energy and mass exchange with the gas phase and
the droplet-wall-interaction. Simultaneously, numerous complex chemical reactions occur, which initiate the auto
ignition, the burnout of the premixed phase and the subsequent turbulent non-premixed combustion. It is a
demanding task for the numerical simulation tools to adequately describe all the above phenomena, which are
physically divers, but strongly interactive. The numerical simulation of flow and mixture formation is based
on an Eulerian description of the gas-phase and on a Lagrangian description of the droplet-phase. The
interaction between both phases is described by source terms for the momentum, heat and mass exchange. This
methodology has widely been used for spray modeling and is also implemented in the CFD code FIRE. The
turbulent gas flow is described by a numerical solution of the complete ensemble averaged equations of the
conservation of mass, momentum, energy and species mass fraction in an unstructured numerical mesh.
Turbulence is modeled using a RNG k-e  model by Han and Reitz (1995).

Cavitation and Spray Tip Penetration:
In this work, the influence of cavitation in different nozzle hole geometries is investigated on spray

characteristics and combustion process. Figure 1 shows schematics of picture for cavitation flow conditions in
the nozzle hole to visualize the cavitation flow inside an injector nozzle. The idealized nozzle walls are
assumed to be perfectly smooth and the flow field to be axisymmetric. The streamlines at the nozzle hole inlet
is assumed uniform due to the large inlet chamber.

Fig. 1: Schematic of the cavitating nozzle.

As can be seen in Figure 1, the inlet pressure at point 1 (P1) can be estimated by using the Bernoli's
equation presupposing turbulent flow, as given by following equation:

   (1)
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The contraction of the flow area at the vena contracta (point C), and the velocity at the smallest flow area
were calculated using Nurick’s expression (2).

 (4)

 (5)

In the case of cavitation the potential flow theory allows the application of the Bernoli's equation from
point 1 to C without any losses:

 (6)

If Pvena is lower than Pvapor, it is assumed that the flow must be fully cavitation and a new inlet pressure
can be calculated by:

 (7)

 (8)

The influence of various nozzle hole geometries on cavitation phenomena is simulated by a
phenomenological nozzle flow model to investigate the effects of the nozzle geometry on fuel injection and
spray characteristics.

Combustion and Spray Models:
The Shell auto-ignition model was used for modeling of the auto-ignition. In this generic mechanism, 6

generic species for hydrocarbon fuel, oxidizer, total radical pool, branching agent, intermediate species and
products were involved. In addition the important stages of auto-ignition such as initiation, propagation,
branching and termination were presented by generalized reactions, described by Halstead et al., (1977).

The combustion model used in this study is of the turbulent mixing controlled variety, as described by
Magnussen and Hjertager (1976). This model assumes that in premixed turbulent flames, the reactions (fuel
and oxygen) are contained in the same eddies and are separated from eddies containing hot combustion
products. The chemical reactions usually have time scales that are very short compared to the characteristics
of the turbulent transport processes. Thus, it can be assumed that the rate of combustion is determined by the
rate of intermixing on a molecular scale of eddies containing reactants and those containing hot products, in
other words by the rate of dissipation of these eddies according to Equation 9.
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The first two terms of the “minimum value of” operator determine whether fuel or oxygen is present in
limiting quantity, and the third term is a reaction probability which ensures that the flame is not spread in the
absence of hot products. Above equation includes three constant coefficients (Cfu, τR, Cpr) and Cfu varies from
3 to 25 in diesel engines. 

Standard WAVE model, described by Reitz (1993) was used for the primary and secondary atomization
modeling of the resulting droplets. The growth of an initial perturbation on a liquid surface is linked to its
wavelength and to other physical and dynamic parameters of the injected fuel and the domain fluid. In the
WAVE model, a rate approach is applied for the reduction in the radius of the parent drops, such that:

(10)
 stable

a

r rdr

dt 




Where τa is the breakup time in the model. This can be calculated as:

 (11)23.726. .
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The constant C2 corrects the characteristic breakup time and varies from one injector to another. rstable is
the radius of the product droplet, which is proportional to the wavelength  of the fastest growing wave on
the liquid surface:

 (12)1.stabler C 

The recommended default value of C1 in the original paper of Reitz is 0.61. The wavelength  and wave
growth rate  depend on the local flow properties.

The Dukowicz (1979) model was applied for treating the heat-up and evaporation of the droplets. This
model assumes a uniform droplet temperature. In addition, the rate of droplet temperature change is determined
by the heat balance, which states that the heat convection from the gas to the droplet either heats up the
droplet or supplies heat for vaporization. In the evaporation model of Dukowicz, it is considered that the
droplet is evaporating in a non-condensable gas. So it uses a two-component system in the gas-phase,
composed of the vapor and the non-condensable gas, even though each component may consist of a mixture
of different species. With the assumption of uniformity of droplet surface conditions, the governing equation
for the mass flux is written as:

 (13)
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And then the droplet energy equation can be expressed as:
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With     as the local surface heat flux,      as the vapor mass flux and     is the surface heat flux, which
described in  Dukowicz.

Emission Models:
NOx formation model is derived by systematic reduction of multi-step chemistry, which is based on the

partial equilibrium assumption of the considered elementary reactions using the extended Zeldovich mechanism
describing the thermal nitrous oxide formation which was proposed by Zeldovich et al., (1974).
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The soot formation and oxidation model of Kennedy, Hiroyasu and Magnussen, has been implemented to
describe soot formation which was proposed by Heywood (1976). The overall soot formation rate is modeled
as  the difference between soot formation and soot oxidation.

 (16)
formationsoot oxidation

dMdM dM

dt dt dt
 

Numerical Model:
The numerical method used in this study is a segregated solution algorithm with a finite volume-based

technique. The segregated solution is chosen, due to the advantage over the alternative method of strong
coupling between the velocities and pressure. This can help to avoid convergence problems and oscillations
in pressure and velocity fields. This technique consists of an integration of the governing equations of mass,
momentum, species, energy and turbulence on the individual cells within the computational domain to construct
algebraic equations for each unknown dependent variable. The pressure and velocity are coupled using the
SIMPLE (semi-implicit method for pressure linked equations) algorithm which uses a guess-and-correct
procedure for the calculation of pressure on the staggered grid arrangement. It is more economical and stable
compared to the other algorithms. The upwind scheme is employed for the discretization of the model
equations as it is always bounded and provides stability for the pressure correction equation. The CFD
simulation convergence is judged upon the residuals of all governing equations. This "scaled'' residual is
defined as:

 (17)
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Where φp is a general variable at cell p, ap is the center coefficient, anb are the influence coefficients for

the neighboring cells, and b is the contribution of the constant part of the source term. The results reported
in this paper are achieved when the residuals are smaller than 1.0×10!4.

Model Geometry and Grid Generation:
The numerical model for Caterpillar 3406 heavy duty DI diesel engine with the specifications and

operating conditions on Table 1 is carried out using CFD code. Since a 6-hole nozzle is used, only a 60°
sector has been modeled. This takes advantage of the symmetry of the chamber geometric setup, which
significantly reduces computational runtime. The final mesh consists of a hexahedral dominated mesh. Number
of cells in the mesh was about 19500 at TDC. This fine mesh size will be able to provide good spatial
resolution for the distribution of most variables within the combustion chamber.

Table 1: Engine Specifications
Engine type Caterpillar 3406 DI diesel engine
Engine speed 1600 rpm
Bore × stroke 137.19 × 165.1 mm
Displacement 2.44 litres
Power 39 kW (52 hp)
torque 234 N.m
Compression ratio 15:1
Angle of fuel injection 125°
Intake valve close timing 147 deg BTDC
Swirl ratio 0.25

Fig. 1 shows the boundary conditions that used in computational domain for simulating heavy duty diesel
engine. Due to assumption of cyclic symmetry, periodic boundary condition is applied to two contiguous
boundaries and moving wall boundary condition is applied to piston bowl as shown in Fig. 1.
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Calculations are carried out on the closed system from IVC at -147°CA ATDC to EVO at 136°CA ATDC.
Injection system specifications have been shown in Table 2. Figure 2 shows the 60° sector computational mesh
of combustion chamber in 3-D at TDC. Since a 6-hole nozzle is used, only a 60° sector has been modeled.
This takes advantage of the symmetry of the chamber geometric setup, which significantly reduces
computational runtime. Calculations are carried out on the closed system from intake valve closure (IVC) at
-147°CA ATDC to exhaust valve open (EVO) at 134°CA ATDC.

Table 2: Injection System Specifications
Injector type Caterpillar HEUI
injection pressure 90MPa
Number of nozzle holes 6
Nozzle hole diameter 0.259 mm
L/D ratio 2.915

Model Validity:
To show the model validation diagrams at the in-cylinder pressure and heat release rate )HRR( are

compared with the experimental data which has been investigated by Ricart et al., (1997) (Figures 3 and 4).
The trends of measured and calculated HRR results are relatively similar. In addition, the premixed burning
portion and the premixed combustion peak are well predicted. 

Figures 5 and 6 imply that the predicted in-cylinder NOx and soot emissions for the single injection case,
agree well with the engine-out measurements. The good agreement between the measured and calculated results
for this engine operating condition gives confidence in the model predictions, and suggests that the model can
be well predicted all events in the combustion chamber.

Fig. 2: View of the computational mesh.

Fig. 3: Comparison between calculated and measured in-cylinder pressure.
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Fig. 4: Comparison between calculated and measured heat release rate.

Fig. 5: Comparison between calculated and measured NOx emission.

Fig. 6: Comparison between calculated and measured soot emission.
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RESULTS AND DISCUSSIONS

Influence of R/d Ratio:
In this section, the various kinds of nozzle hole geometries are used with three different inlet

configurations, consist of sharp edge inlet (SEI) with R/D=0 and round edge inlet (RI) with  R/D=0.1 and
R/D=0.2. The effects of inlet hole geometry on the main spray characteristics such as spray tip penetration,
SMD and spray pattern, combustion and exhaust emissions are discussed. The nozzle hole specifications is
shown in Table 3.

Table 3: Nozzle hole specifications
Nozzle type round edge inlet (RI) sharp edge inlet (SEI)
Nozzle hole diameter 0.259 mm 0.259 mm
L/D ratio 2.915 2.915
R/D ratio 0.1, 0.2 0

Figure 7 shows spray tip penetration with different R/D ratios. The computed liquid penetration is
determined by the farthest parcel position of 99% of the liquid mass from the nozzle. The simulation shows
that the tip penetration of spray are similar for both geometries at the beginning of injection, but the round-
edge nozzle spray penetrates slightly further. Schugger et al., (2003) have performed experimental investigations
using nozzles with different inlet edge rounding. They have shown that during full needle lift, sharp-edged
inlets produce stronger cavitation. Cavitation develops inside the nozzle holes because of the static pressure
reduction due to accelerated flow (axial pressure gradient) together with the curvature of the streamlines
(additional radial pressure gradient) at the inlet edge. The lower R/D ratio leads to the higher flow contraction
and the higher decrease of static pressure.  Therefore, stronger cavitation inside nozzle hole leads to slower
axial spray velocity that would result in a reduction of penetration length. Therefore, spray tip penetration is
decreased in these nozzles.

The variation of the Sauter Mean Diameter (SMD) distribution during the injection process in different
nozzle geometries is shown in Figure 8. The smaller SMD results in more surfaces per unit volume. The more
surfaces result in the more effective evaporation and mixture formation. It is obvious that the SMD has greater
amounts near the nozzle hole, and will become smaller far from the nozzle exit due to breakup process. The
SEI nozzle produces smaller SMD in compared to RI nozzles. As R/D ratio decreases, the SMD is decreased
because more atomization induced by small cavitaion inside nozzle hole. As can be seen, in the case of R/D
=0, the cavitation also has a great effect on the break-up length and decreases this length therefore the liquid
jet is disintegrated rapidly. Thus, smaller droplet size is reached earlier compared whit rounded edge nozzle.

Fig. 7: Comparison between different R/D ratios spray tip penetration.
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Fig. 8: Comparison between different R/D ratios SMD.

As can be seen in a plane of the spray at 360°CA from Figure 9, the sharp edge nozzle produces larger
spray angle. The reason is that the high injection velocity induces more breakups of droplets, which are
dispersed by the gas phase and result in a wider spray angle. In addition, because the fuel injected from a SEI
nozzle hole has a more cavitation bubble inside nozzle hole and slower spray velocity, radial momentum is
high, leads to a wider liquid spray angle.

Fig. 9: Comparison spray pattern between different R/D ratios, left to right: R/D=0, R/D=0.1 and R/D=0.2
in a plane of the spray at 360°CA, respectively.

Figures 10, 11, 12 and 13 indicate computed pressure, heat release rate, temperature and turbulence
intensity in cylinder for various nozzle hole geometries, with the same rate of injection, respectively.  As
mentioned before, when R/D ratio is decreased, smaller SMD is produced and evaporation rate is intensified.
The formation of a large-scale gas vortex and enhancing turbulence intensity may also promote air entrainment
and enhance mixture formation. Therefore, due to smaller SMD and improved air-fuel mixing and induced
higher turbulence intensity, combustion duration decreased and the peak values for pressure, temperature, and
premix and diffusion burning are increased. 
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Fig. 10: in-cylinder pressure comparing between different R/D ratios.

Figures 14 and 15 indicate NOx and soot evolution data for RI and SEI nozzles, respectively. By
observing these Figures, SEI nozzles produce higher NOx and lower soot emissions. This is due to the smaller
SMD to promote evaporation and thus to increase gas phase mixing leading to lower soot and increased NOx
emissions due to the more intense burning and mean in cylinder temperature afforded by the increased mixing.

Fig. 11: heat release rate comparing between different R/D ratios.
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Fig. 12: in-cylinder temperature comparing between different R/D ratios.

Fig. 13: mean turbulent kinetic energy comparing between different R/D ratios.

Fig. 14: NOx emission comparing between different R/D ratios.
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Fig. 15: Soot emission comparing between different R/D ratios.

Figures 16 and 17 compare the contour plots of temperature, equivalence ratio, NOx and soot mass fraction
for different R/D ratios at 380°CA, respectively. The area which the equivalence ratio is close to 1 and the
temperature is higher than 2000°K is the NOx formation area. As can be seen in Figure 16a, the zone of high
temperature of SEI nozzle is higher than RI nozzles thus NOx concentration increase in this nozzle. Also, the
higher equivalence ratio zones and the temperature approximately between 1600°K and 2000°K is the soot
formation area. The area with high equivalence ratio in RI nozzles is higher than SEI nozzle.

Influence of L/D Ratio:
In this section, the various kinds of nozzle hole geometries were used with three different lengths to bore

ratios (L/D). For this purpose, three different cases consisting of L/D=2, 2.915 and 4 have been investigated.
Figures 18 and 19 show spray tip penetration and SMD distribution with different L/D ratios, respectively. As
can be seen, the similar spray tip penetration for all cases can be observed. This is because of the intensity
of cavitation does not change in different L/D ratios. The L/D ratio only determines the moment when
cavitation starts in the nozzle, it does not influence the intensity of cavitation. Hiroyasu et al., (1991) and
Chaves et al., (1995) investigate the different nozzle hole L/D ratios by the experimental studies and confirm
that the degree of cavitation in various L/D ratios are similar.

Fig. 16: Contour plots of equivalence ratio at 380°CA. Left to right: R/D=0, R/D=0.1 and R/D=0.2.
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Fig. 17: Contour plots of Soot mass fraction at 380°CA. Left to right: R/D=0, R/D=0.1 and R/D=0.2.

Figure 20 shows the spray pattern of different L/D ratios in a plane of the spray at 360°CA. As can be
seen, the spray pattern is similar in these cases. This is due to the intensity of cavitation in these cases is
similar. Therefore, the cavitation bubbles implode when leaving the nozzle and spray perturbation have same
degrees. In addition, the same value of axial and radial spray velocities leaving the nozzle hole due to similar
degree of cavitation  lead to same radial momentum and spray pattern.

Figures 21, 22, 23 and 24 show computed pressure, heat release rate, temperature and turbulence intensity
in cylinder for various L/D ratios, respectively. From these Figures, air-fuel mixing and turbulence intensity
have same values because of similar SMD and spray tip penetration. Therefore the in-cylinder pressure,
temperature, and heat release rate have similar trends and peak values. 

Figure 25 and 26 show NOx and soot emissions data for three nozzles with different L/D ratios. As can
be seen, it will be found that NOx and soot emissions have same values at EVO in the different L/D ratios.

Fig. 18: Comparison between different L/D ratios spray tip penetration.
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Fig. 19: Comparison between different L/D ratios SMD.

Fig. 20: Comparison spray pattern between different L/D ratios, left to right: L/D=2, L/D=2.915 and L/D=4
in a plane through the center of the spray at 360°CA, respectively.

Fig. 21: NOx emission comparing between different R/D ratios
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Fig. 22: Soot emission comparing between different R/D ratios.

Fig. 23: NOx emission comparing between different R/D ratios.

Fig. 24: Soot emission comparing between different R/D ratios.
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Fig. 25: NOx emission comparing between different L/D ratios.

Fig. 26: Soot emission comparing between different L/D ratios.

Figures 27 and 28 compare the contour plots of temperature, equivalence ratio, NOx and soot mass fraction
for different L/D ratios at 380°CA. As can be seen in Figures 27 and 28, the zone of high temperature and
equivalence ratio are similar in different L/D ratios. Therefore, NOx and soot emission in these cases have an
equal value at the EVO.

Conclusions
In the present work the influence of nozzle hole geometry on DI diesel engine combustion and spray

characteristics was investigated. Results were validated and compared with available experimental data for
caterpillar DI diesel engine. A good agreement between the predicted and experimental values ensures the
accuracy of the numerical predictions collected with the present work. From the study on the different nozzle
hole geometries, the following conclusions could be drawn:
1. The tip penetration of spray are similar for RI and SEI nozzles at the beginning of injection, then the

spray from the round-edge nozzle penetrates slightly further due to stronger cavitation in the SEI nozzles.
2. The SEI nozzle produces smaller SMD in compared to RI nozzles. This nozzle decreases the break up

length.
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Fig. 27: Contour plots of equivalence ratio at 380°CA. Left to right: : L/D=2, L/D=2.915 and L/D=4.

Fig. 28: Contour plots of soot mass fraction at 380°CA. Left to right: : L/D=2, L/D=2.915 and L/D=4.

3. The sharp edge nozzle produces a slightly larger spray angle. This is due to more breakups of droplets,
which are dispersed by the gas phase and result in a wider spray angle.

4. When R/D ratio is decreased, due to smaller SMD and improved air-fuel mixing and induced higher
turbulence intensity, combustion duration decreased. Therefore the peak values for pressure, temperature,
and premix burning are increased.

5. The SEI nozzles produce higher NOx and lower soot emissions. The smaller SMD promote evaporation
and leading to lower soot and increased NOx emissions due to the more in cylinder temperature afforded
by the increased mixing.

6. The spray tip penetration, SMD distribution and spray pattern between different L/D ratios cases are
similar trends due to same intensity of cavitation so the characteristics of combustion process such in-
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cylinder pressure, heat release rate, in-cylinder temperature and turbulence intensity have same values. Also
NOx and soot have similar values in the EVO in different L/D ratios.
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