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Abstract. The present paper describes the main results of an investigation about counter-bore
injector nozzle impact on the combustion process in a modern Euro 6 diesel engine. First,
hydraulic and spray visualization tests have been performed, showing a potential advantage
of such nozzle design in fuel-air mixing efficiency. Then, combustion performance has been
assessed on a GM-designed 1.6 liter 4 cylinder engine. The engine has been installed on a
dynamometric test bench, and instrumented with an AVL cylinder pressure transducer for heat
release rate analysis, as well as HORIBA MEXA gas analyzer for exhaust emissions and AVL
415 Smoke Meter. Engine efficiency and emissions have been analyzed on four different part-
load steady state points, representative of NEDC and WLTC certification cycles, and covering
engine speeds from 1250 to 2000 rpm and brake mean effective pressure between 2 and 14
bar. Results of indicated analysis show that counter-bore nozzles have significant differences
in terms of pilot injection combustion at low load points, which in turn lead to a better ignition
and shorter combustion of the main injection. In addition, an improvement of diffusive combus-
tion is observed as load increases. Because of both, fuel consumption is reduced by approxi-
mately 1% with respect to a standard nozzle. Finally, an appreciable decrease in engine ex-
haust emissions has been recorded, especially in terms of PM and HC emissions. This
reduction has been linked to the improvement of fuel-air mixing promoted by the counter-bore
nozzle previously observed.

1. Introduction

Diesel combustion is highly influenced by the fuel injection system performance. For
this reason, significant research effort has been made into analyzing the influence of the injec-
tor nozzle geometry into the injector hydraulics [1-3], spray formation [4—7] and combustion
[8-10]. In this sense, one of the aspects that can be explored is the shape itself of the nozzle
orifices. On an experimental activity, Hong et al. [11] showed that elliptical orifices could help
to improve spray atomization, thanks to a more significant cavitation formation inside the noz-
Zle in one of the sides of the ellipse. Molina et al. [12] showed through a computational study
that such nozzles had a potential to increase effective velocity and change cavitation patterns
inside the nozzle. Taskiran et al. [13] confirmed that divergent shape could help to improve
fuel-air mixing and result in shorter lift-off lengths. He et al. [14] compared straight, convergent



and divergent nozzles from the point of view of their hydraulic performance and cavitation for-
mation. Although the divergent shape could be interesting to induce radial velocity at the nozzle
outlet and improve mixing, the flow expansion induces a high drop of discharge coefficient.
Salvador et al. [15] showed that convergent-divergent shapes can be used to mitigate this
issue, enhancing the effective outlet velocity compared to a cylindrical orifice while inducing
cavitation in the divergent section, which could help to further improve spray atomization and
mixing characteristics. Gasoline fuel injectors currently use counter-bore nozzle orifices [16,
17], which can provide similar mixing advantages as a convergent-divergent shape with a more
simple manufacturing process [18].

In the current paper, a counter-bore orifice geometry is investigated for diesel application.
Fuel-air mixing characteristics are evaluated by combining liquid and vapor spray visualization
tests with a one-dimensional spray model. Then, engine performance and emissions impact
are investigated on a fully instrumented 4-cylinder 1.6 liter diesel engine.

As far as the paper structure is concerned, section 2 summarizes all the experimental ap-
paratus used for the investigation, including the hydraulic characterization equipment, the con-
stant-pressure vessel and optical diagnostics for the spray visualization, as well as the engine
test bench setup. Section 3 details the numerical approaches used for the 1D spray model, as
well as the combustion diagnosis based on the in-cylinder pressure measurement. Section 4
summarizes the main effects of the injector geometry on the nozzle hydraulics. Section 5 anal-
yses the impact of the counter-bore geometry in the fuel-air mixing process. Section 6 evalu-
ates engine combustion results in terms of fuel consumption and emissions. Finally, section 7
provides the most significant conclusions of the study.

2. Experimental setup

2.1 Nozzle geometries

In the current investigation, two kinds of nozzle geometries have been compared. First, a
standard microsac nozzle with 340 cm?®/30s flow number and ks-1.5 has been selected as the
baseline. Then, a second nozzle with the same flow number definition, but having a counter-
bore on the final portion of the orifice, has been manufactured. Figure 1 shows a schematic of
the counter-bore orifice design compared with the standard one:

Standard Counter-bore

Figure 1: Schematic of standard (left) and counter-bore (right) nozzle orifices

Both nozzles have been mounted on a last-generation solenoid-driven diesel injector, capa-
ble of working up to 200 MPa pressure.



2.2. Hydraulic characterization

First of all, both nozzles have been compared from the point of view of their hydraulic per-
formance. For this purpose, two experimental arrangements have been employed.

An EVI injection rate meter (Figure 2) has been used to obtain the instantaneous mass flow
rate through the nozzle orifices. This measurement is performed based on Bosch long tube
method [19]. In this method, the injection is performed on a fuel-pressurized tube of known
diameter, where the instantaneous pressure increase is captured with a piezoelectric pressure
transducer. Then, this pressure increase can be correlated to the instantaneous mass flow
injected by the nozzle and the fuel properties (in particular the speed of sound). More details
about the experimental arrangement and the methodology can be found in [20].

Figure 2: EVI injection rate meter

Additionally, the momentum flux of the emerging spray has been characterized using a ded-
icated test rig (Figure 3). In this case, the injection is produced on a constant-volume chamber
pressurized with nitrogen (up to 8 MPa) at room temperature, emulating similar density condi-
tions as those encountered in the engine combustion chamber during the injection event. A
pressure transducer coupled to a measuring target is located perpendicular to one of the noz-
Zle holes at 5mm distance. When the injection starts, the spray impact force on the target is
transmitted to the sensor and captured by the acquisition system. Once the setup is properly
calibrated, this impact force can be converted into the spray momentum flux. More details
about this methodology can be found in [3].

Figure 3: Spray momentum flux test rig

The combination of both injection rate and momentum flux measurements can be used to
obtain information about the effective outlet area (Aer) and effective outlet velocity (ues) of the
nozzle. Once the injector needle is sufficiently high and the injection reaches quasi-steady
state conditions, the mass flow (1) and momentum flux (Mf) can be defined as:



My = prherrerr = CaprAolUo [1]
My = pphcsriizsr = CuprAod [2]

Consequently, the effective area and velocity can be calculated as:
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2.3. Spray vessel

Spray visualization tests are performed on a high-pressure and high-temperature vessel with
up to three optical accesses (Figure 4). The vessel operates at constant pressure conditions
(up to 16 MPa). A set of resistances heats the incoming gas flow up to a maximum value of
approximately 900 K. The working gas can be nitrogen (working on inert conditions), air or a
combination of both for synthetic Exhaust Gas Recirculation (EGR) operation.

Figure 4: spray vessel

2.3.1 Mie-scattering (liquid spray visualization)

Mie-scattering technique is used to visualize the evaporative liquid spray (Figure 5). In this
technique, two continuous light sources are placed in the lateral windows of the spray vessel.
The light impacting on the spray droplets scatters, reaching the sensor of a high-speed Photron
Fastcam SA-X2 CCD camera placed in the frontal window, parallel to the injector axis. The
camera is equipped with a Nikkor 50mm f/2 lens. The camera operates at 30000 frames per



second, producing images every 33 us during the injection event. The resolution of each image
is 640x640 pixels, reaching 6.7 pixels/mm. Exposure time is set to 6.25 pus.

:

Light
source

[ —

Figure 5: Mie-scattering (liquid spray) optical arrangement

2.3.2 Shadowqgraphy

In the case of the vapour spray visualization, shadowgraphy technique is used (Figure 6). In
this arrangement, a punctual light source is directed using a beam splitter to a collimated lens,
producing a set of parallel light beams arriving to the vessel and being reflected on a high-
temperature metal mirror. When the beams reach the spray in either way, its different density
results in a change of the refractive index, deviating them. The beams not passing through the
fuel spray are not deviated and arrive unaltered to the high-speed camera sensor, producing
a negative image of the sprays. An adjustable Fourier diaphragm is placed upstream the cam-
era to cancel reflections coming from other components. The same CCD camera and config-
uration as already detailed for the Mie-scattering technique is used.

High temperature/ High
pressure test vessel

High temperature
mirror

"l Collimating and
, ollecting lens
g Adjustable Fourier i
diaphragm

High speed
camera

Figure 6: Shadowgraphy (vapor spray) optical arrangement

2.4 Engine test bench



For the current investigation, a GM 4-cylinder 1.6 liter Euro 6 diesel engine has been em-
ployed. The main engine characteristics are summarized in Table 1.

Table 1: Main engine dimensions and systems

Parameter Unit Value

Compression ratio - 16:1

Bore mm 79.7

Stroke mm 80.1

Connecting rod length mm 140

Pin offset mm 0.5

Swirl ratio - 1.9-3.6

Fuel injection system - Solenoid 3" genera-
tion, 200 MPa

EGR system - Low-pressure + high-
pressure

Turbocharger - Single-state VGT

Figure 7 shows a schematic of the engine test bench used for the study, including the locations
for the different pressure sensors and thermocouples. AVL GH14P piezoelectric pressure
transducer has been introduced into the glow-plug location on one of the central cylinder to
acquire instantaneous in-cylinder pressure and perform heat release rate analysis. Exhaust
emissions were obtained at the turbine outlet by means of a Horiba MEXA 7100 system and
an AVL 415 Smoke meter. Fuel consumption was measured using an AVL 733S fuel gravi-
metric balance. A dynamometric brake controlled with AVL PUMA is used to control the engine
speed and acquire the engine torque. The Electronic Control Unit (ECU) of the engine is con-
trolled using ETAS INCA v7.1.
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Figure 7: engine test bench configuration

Engine operation has been evaluated in four steady-state points in terms of engine speed
(rpm) and Brake Mean Effective Pressure (MPa): 1250x0.2, 2000x0.5, 2000x0.8 and
1500x1.4. These points were selected due to their high impact on NEDC and WLTP cetrtifica-
tion cycles for the related applications of the engine. For each of these points, an EGR sweep
has been performed for three different calibration strategies: the baseline, one with increased
electrical separation between pilot and main injection (called high-DT), and a final one with
increased rail pressure (called high-PRail). The EGR range for the sweep has been tailored
for each key-point with the objective of achieving an absolute EGR rate variation of +10%, but
limiting smoke emissions to a maximum of 4 FSN.

Finally, table 2 summarizes the main characteristics of the diesel fuel used for the study.

Table 2: fuel properties

Parameter Unit Value
Cetane number [-] 51.6
Viscosity at 40 °C [mm?/s] 2.46
Density at 15 °C [kg/dm?3] 0.843
Lower heating value [MJ/kg] 42.055
Sulfur content [ppm] 6.6
Biodiesel content [%0] 5

3. Numerical approach
3.1 One-dimensional spray model

In the current model, the spray is assumed to be injected into a quiescent air volume, which
is large enough so that flow evolution does not modify air conditions far away from the nozzle.
These conditions are similar to those existing on the previously defined spray vessel. Addition-
ally, the following hypotheses are made:

1. Symmetry on the spray axis, i.e., no air swirl.

2. A fully developed turbulent flow is assumed, which means that self-similar radial profiles
can be defined for the conserved variables. In the present approach, a radial Gaussian
profile is assumed, so that:

ulx,7)  [f(x,7) 1/sc 2
1) [fa(x) - ["‘ ) ] [>]



where uq(x) and fq(X) are values on the spray axis of the axial component of the velocity
vector and mixture fraction, respectively, k is a constant, and Sc is the turbulent Schmidt
number.

3. Linked to the previous assumption, the spray cone angle is defined as the location where
the axial velocity is ¢ = 1% of the value on the spray axis, so that:

In(1/9)

- tan?(6/2) [6]

4. The turbulent Lewis number is assumed to be equal to 1. Consequently, the local enthalpy,
for which no conservation equation is solved, can be expressed as:

h(x' T, t) = ha,oo + f(x' T, t)(hf,O - ha,oo) [7]

where f(x, r, t) is the local mixture fraction value and hto and h, » are the enthalpy of pure
fuel (nozzle outlet conditions) and pure air (far away from the nozzle), respectively. This
relationship is independent of the general flow calculations, so that state relationships can
be calculated a priori, as will be shown below.

5. The pressure is assumed to be constant all over the spray.

6. A locally homogeneous flow is assumed, i.e., local equilibrium exists both in thermal and
velocity conditions. This allows for the consideration of the spray as a single-fluid jet.

This leads to the following formulation of the conservation equations for the spray momentum
and fuel mass:

d
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These equations are solved at each axial position of the spray, obtaining the values of the fuel
mass fraction (f) and velocity (u) at the spray centerline. Eventually, once f is obtained at one
location, local temperature, density, and composition can also be calculated from state rela-
tionships. In the current study, the experimental input data regarding the instantaneous mass
flow rate and momentum flux at the nozzle outlet, obtained through the methodology detailed
in section 2.2, is fed into the model to compute the transient spray evolution.

More details about the model formulation and calculation methodology can be found in [21,
22].

3.2 In-cylinder pressure diagnostics

In-cylinder pressure evolution can be used to estimate the combustion characteristics in terms
of instantaneous Heat Release Rate (HRR) evolution. For this purpose, 1% law of thermody-
namics can be applied to the engine operation according to the following formulation:



dHR = —m, du, — pdV — dQ,, + (hg; — ug)dms, — RTdmy,, [10]

Where m. is the trapped mass in the cylinder, u. the internal energy of the gas, Qw the heat
transfer to the walls, hy and us the enthalpy and internal energy of the fuel (in liquid and gas
phase, respectively), mi the evaporated fuel mass and my, the blow-by mass.

In order to estimate heat transfer losses, Woschni model is adjusted according to the following
formulation:

0.8
VT
hy = 1.3-1072D702p08T 083 ( € ;1 + Cppocy + C————(p —po) | [11]
Pve *Vive

Being hy the heat transfer coefficient, D the cylinder bore, Cu1, Cw2 and C, constants adjusted
according to motoring tests, cm the mean piston velocity, c, the tangential velocity (depending
on the engine swirl) and subindex IVC represents conditions at Intake Valve Closure.

Finally, a mechanical deformations model is included to take into account the changes of the
in-cylinder volume depending on pressure and inertia terms:

AV = AV, + AV, = K nsz(D)zL tK m'a(D)ZL 12
- D i — Ddef 2 Es db 0 def Es db O[ ]

Where Kget is a constant, Es is the Young modulus of the material, dy is the piston bowl diam-
eter, Lo is the geometrical length of the slider-crank mechanism (including crankshaft, connect-
ing rod and piston), m is the piston mass and a is the piston acceleration.

More details about the heat release rate calculation and constants adjustment methodologies
can be found in [23].

4. Hydraulic characterization

As stated into the introduction, one of the potential effects of the usage of counter-bore orifices
could be a potential decrease of the nozzle permeability due to the expansion in this large
diameter portion. This information can be directly extracted from the injection rate measure-
ments in terms of the discharge coefficient multiplied by the nozzle orifice area (Figure 8). As
it can be seen, the results show that the counter-bore nozzle is capable to increase its nozzle
compared to the standard, even though the differences between both are small. This behavior
may be due to lower friction losses inside the orifice, related to its lower length.
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Figure 8: Nozzle permeability (CdA) vs. the square root of the pressure drop

Additionally, the information from injection rate and momentum flux can be combined to obtain
the nozzle effective outlet velocity and diameter, as detailed in section 2.2. This information is
available in Figure 9. The main difference observed is regarding the effective diameter, which
seems to be significantly larger for the counter-bore nozzle even though the nozzles had been
defined with the same flow number. In terms of effective velocity, no significant difference is
achieved.
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Figure 9: Nozzle effective velocity (left) and diameter (right) vs. the square root of the pres-
sure drop

5. Mixing evaluation

Figure 10 shows the results in terms of vapor and liquid spray penetration and angle for an
operating point of injection pressure 100 MPa, chamber temperature 800K and chamber den-
sity 21.5 kg/m3. Standard nozzle is represented by a red line, while counter-bore nozzle is
depicted in a blue line. For each set of data, dashed lines representing the upper and lower
limit of the uncertainty band (represented by the average value plus or minus the measured
standard deviation) are also included. As it can be seen, small differences are appreciable
between the nozzles. Counter-bore nozzle is characterized by slightly longer spray penetration
and liquid length. Regarding the spray angle, some benefit is seen for this counter-bore nozzle,
especially at the beginning of the injection event. Nevertheless, it has to be noted that differ-
ences in spray angle are close to the magnitude of the uncertainty band, so they are not very
significant.
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Figure 10: Vapor (left) and liquid (right) spray visualization results for Pi=100 MPa, T=800 K
and p,=21.5 kg/m?3

The small differences seen in spray penetration are partially due to the fact that the counter-
bore nozzle has a higher effective diameter, as previously identified on the nozzles’ hydraulic
characterization. Thus, a better evaluation of fuel-air mixing can be provided by defining a fuel-
based spray density, which is calculated as the ratio between the fuel injected quantity at a
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certain time step and the spray volume estimated from the vapor spray visualization contours.
This magnitude is presented in Figure 11 in aratio between the values obtained for the counter-
bore and standard nozzle. As it can be observed, for injection pressures equal to or lower than
100 MPa, the fuel-based spray density of the counter-bore nozzle is lower than that of the
standard one after an initial transient, since the ratio is lower than 1. This implies that, at similar
spray volume, the counter-bore nozzle includes lower fuel quantity and, consequently, higher
air entrainment.

Figure 11: ratio of fuel-based spray density

This analysis is complemented with the results from the 1D spray model, previously validated
[24]. These results are depicted in Figure 12. As it can be seen, the counter-bore nozzle (blue
line) shows significantly higher air entrainment than the standard (red line), resulting in a longer
portion of the fuel mass distributed in low equivalence ratio values (below 1.5). As a conse-
guence, increase air entrainment achieved for the counter-bore design offers the potential for

11



a soot reduction in engine operation. Nevertheless, more detailed analysis through 3D-CFD
simulations would be required for a more deep understanding of the fuel-air mixing character-
istics provided by the counter-bore design compared to the standard.
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Figure 12: 1D spray model results

6. Engine combustion

6.1 In-cylinder pressure analysis
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Figure 13: in-cylinder pressure and heat release rate for 1250x0.2
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Figure 13 shows the results of the in-cylinder pressure and heat release rate analysis for an
operating point of 1250 rpm and 0.2 MPa BMEP. In this graph, the standard nozzle is repre-
sented by the red continuous line with the baseline calibration, characterized by two pilot in-
jections, being the second pilot close-coupled to the main, and a post-injection. For the coun-
ter-bore nozzle, two different calibrations are compared. First, the same baseline calibration is
depicted in continuous blue line (Counter-bore 1). Compared to the standard one, it is clearly
seen that the burning efficiency of the pilot masses is very low, resulting in a larger ignition
delay for the main injection and a more significant premixed combustion phase. This result can
be analyzed looking back at the fuel-based spray density shown in Figure 11. In this figure, it
is possible to see that during the initial stages of the injection event, the fuel-based density of
the counter-bore nozzle is significantly higher, which are characteristic of the pilot injections
operation. Thus, the poorer mixing of these pilot injections can result in less efficient combus-
tion, and explain the results obtained in the engine.

In order to correct this undesired behavior, a new calibration aimed at providing a similar in-
cylinder pressure as the standard injector has been searched. To do so, the pilot masses have
been increased from 1.3 to 1.8 mm?/st. This result is plotted in a dashed blue line in the figure
(labelled Counter-bore 2). Although this calibration is capable to accurately reproduce the in-
cylinder pressure evolution, it is still noticeable in the heat release rate that the energy released
by the pilot injections is lower than for the standard nozzle. Similar behavior was also found
for 2000x0.5 keypoint.

Figure 14 shows a similar analysis for the 1500x1.4 operating point. In this case, the baseline
calibration provided similar pilot burning efficiency and premixed heat release rate peaks for
both nozzles, so no calibration correction was necessary. Nevertheless, the counter-bore noz-
Zle provided higher heat release rate during the mixing-controlled combustion phase, which
could be seen as an indicator or a better air utilization induced by enhanced mixing. Similar
results were also seen for the other mid-load point (2000x0.8).
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Figure 14: in-cylinder pressure and heat release rate for 1500x1.4
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6.2 Engine performance and emissions

Engine operation has been assessed by a set of sweeps of EGR rate around the baseline
calibration condition. Each of these sweeps has been performed for both nozzles using three
calibration strategies:

1) Baseline calibration. In the case of the counter-bore nozzle, the modified calibration
with increased pilot masses was selected as the baseline, so that the comparison be-
tween injectors was done at almost equal heat release rate characteristics.

2) High dwell time (DT): increase of 0.2 ms in the electrical dwell time between the closest
pilot and the main injections

3) High injection pressure (PRail): increase of ~15 MPa in the rail pressure.

For each of these variations, engine performance has been evaluated in terms of fuel con-
sumption, combustion noise and exhaust emissions. Additionally, a complete Design of Exper-
iments (DOE) with variations of all calibration parameters was completed for one of the oper-
ating points (in particular, 2000 rpm x 0.8 MPa BMEP). The variations for each parameter of
this DOE were selected to achieve low-NOx values.

Figure 15 shows the results in terms of fuel consumption and combustion noise for two oper-
ating points: 2000x0.5 and 2000x0.8. Generally, the 2000x0.5 points shows some benefit in
terms of fuel consumption for the counter-bore nozzle, while this benefit is more limited in the
case of the 2000x0.8 point. This advantage comes mostly from a reduction in heat transfer
losses, plus a slight reduction in combustion duration. Combustion noise is equivalent for the
baseline calibration, which was optimized for this parameter, while the behavior induced by the
calibration change for each operating keypoint was quite different. For the 2000x0.5, an in-
crease of either the injection pressure or the dwell time results in an increase of the noise. It
has to be noted that the pilot burning on the counter-bore nozzle for this operating point was
not robust, which was compensated by increasing the pilot masses on the baseline calibration.
This compensation effect is probably not optimized once the calibration strategy changes, re-
sulting in a combustion noise deterioration. For the 2000x0.8, were no pilot mass compensa-
tion was necessary, the counter-bore nozzle showed and advantage in terms of combustion
noise when changing the calibration characteristics.
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Figure 15: BSFC and combustion noise results for 2000x0.5 and 2000x0.8

Figure 16 analyzes instead smoke and NOx exhaust emissions, which are the most significant
for diesel engine combustion. In the 2000x0.5, the counter-bore nozzles provide some benefit
in smoke-NOx tradeoff values for all the tests performed. This is consistent with the better
mixing efficiency previously analyzed. Comparing the different calibration strategies, it can be
seen that the smoke-NOx reduction achieved with the counter-bore nozzle is greater when
combining high levels of EGR (low NOx values) and baseline calibration. When increasing load
(2000x0.8), the smoke emissions benefit appears only for the standard and high PRail calibra-
tions combined with high EGR rates (low NOx), while the emissions characteristics are roughly

equivalent otherwise.
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Figure 16: Smoke and NOx emissions results for 2000x0.5 and 2000x0.8

Finally, CO and HC emissions are also evaluated in Figure 17. In the 2000x0.5, some deteri-
oration is observed for the high DT calibration, while for the rest there is generally a benefit in
HC. In the case of 2000x0.8, CO emissions are approximately equivalent, while the ad-

vantage in HC is maintained.

_Jo.5 gikwh

2000x0.5 2000x0.8
00
0.2 g/kWh I o X
REX um °© 0 g

O XX >= X:‘ ML O on % O

I T @(x u

an § =

mE

2 g/kWh CO 1 g/lkWh Cco

M Baseline © HighDT X High PRail W Standard ™ Counter-bore

Figure 17: HC and CO emissions results for 2000x5 and 2000x8
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Finally, Figure 18 shows the results from the complete DOE performed on the 2000 rpm x 0.8
MPa BMEP condition. As it can be seen, the full variation confirms the previous trends ob-
served in terms of BSFC reduction (~2-3 g/kWh) and smoke reduction (~1FSN) for the same
NOx emissions level for these conditions. Additionally, in this case some CO advantage has
been observed.
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Figure 18: results from full DOE at 2000x0.8 operating point. Red: standard nozzle, Blue: coun-
terbore nozzle.

7. Conclusions

In the current study, an investigation of the effect of using counter-bore nozzle orifices in diesel
spray and combustion characteristics has been performed. For this purpose, hydraulic char-
acterization and inert spray visualization results have been combined with engine combustion
tests.

The hydraulic characterization shows that the counter-bore orifices had no negative impact on
the nozzle permeability. Actually, a small advantage in this sense is noticed, probably due to
the lower orifice length and related viscous friction losses. Outlet velocity was also equivalent,
while the effective diameter was higher for the counter-bore.

From the spray visualization tests, the following conclusions can be drawn:

- Liquid and vapor spray penetration are slightly larger for the counter-bore nozzle,
mostly due to an increase of the orifices effective diameter previously evaluated.

- Vapor spray angle is larger for the counter-bore nozzle during the spray initial stages.
As the spray develops, both nozzles provide equivalent results.

- Fuel based spray density has been calculated as the instantaneous ratio between the
spray volume obtained from the vapor visualization data and the cumulated injected
quantity from injection rate measurements. This parameter shows better fuel-air mixing
for the counter-bore nozzle for injection pressures lower than 150 MPa.
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- A one-dimensional spray model previously validated was used to obtain further infor-
mation regarding fuel-air mixing efficiency, showing better performance in both en-
trained air and equivalence ratio distribution for the counter-bore nozzle.

In the case of the engine characterization, main comparison is performed in terms of heat
release rate characteristics, fuel consumption, combustion noise and exhaust emissions. The
main conclusions are:

- Inthe low load range (1250x0.2 and 2000x0.5), different mixing characteristics during
the initial injection stages results in a deterioration of the pilot burning efficiency for the
counter-bore nozzle. Thus, an increased of the premixed combustion phase is
achieved if constant pilot fueling is applied. An increase of around 0.5 mg/st in these
pilots masses is necessary to achieve similar heat release rate characteristics, even if
some reduction in pilot combustion is still present.

- In the mid-to-high load range (2000x0.8 and 1500x1.4), pilot burning is no longer an
issue, and some benefit appears for the counter-bore nozzle in terms of diffusion (mix-
ing-controlled) heat release rate gradient.

- Fuel consumption is generally lower for the counter-bore nozzle at low loads, induced
by a combination of lower heat transfer losses and shorter combustion duration. For
higher loads, fuel consumption outcome is equivalent.

- For the combustion noise, different behavior appears depending on the engine load. At
low loads, sensitivity of the pilot burning for the counter-bore nozzle tends to produce
a deterioration of this parameter when increasing either dwell time or injection pressure.
On the contrary, better results in combustion noise are achieved for the counter-bore
nozzle at higher loads.

- Better fuel-air mixing is translated into a better smoke-NOXx tradeoff for the counter-
bore nozzle. This benefit tends to reduce when using low EGR rates or large electrical
dwell times.

- CO emissions are generally similar, while some reduction in HC is seen for the counter-
bore nozzle.
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