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a b s t r a c t

Diesel engine performance and emissions are strongly coupled with fuel atomization and spray pro-
cesses, which in turn are strongly influenced by injector flow dynamics. Modern engines employ
micro-orifices with different orifice designs. It is critical to characterize the effects of various designs
on engine performance and emissions. In this study, a recently developed primary breakup model
(KH-ACT), which accounts for the effects of cavitation and turbulence generated inside the injector nozzle
is incorporated into a CFD software CONVERGE for comprehensive engine simulations. The effects of ori-
fice geometry on inner nozzle flow, spray, and combustion processes are examined by coupling the injec-
tor flow and spray simulations. Results indicate that conicity and hydrogrinding reduce cavitation and
turbulence inside the nozzle orifice, which slows down primary breakup, increasing spray penetration,
and reducing dispersion. Consequently, with conical and hydroground nozzles, the vaporization rate
and fuel air mixing are reduced, and ignition occurs further downstream. The flame lift-off lengths are
the highest and lowest for the hydroground and conical nozzles, respectively. This can be related to
the rate of fuel injection, which is higher for the hydroground nozzle, leading to richer mixtures and
lower flame base speeds. A modified flame index is employed to resolve the flame structure, which indi-
cates a dual combustion mode. For the conical nozzle, the relative role of rich premixed combustion is
enhanced and that of diffusion combustion reduced compared to the other two nozzles. In contrast,
for the hydroground nozzle, the role of rich premixed combustion is reduced and that of non-premixed
combustion is enhanced. Consequently, the amount of soot produced is the highest for the conical nozzle,
while the amount of NOx produced is the highest for the hydroground nozzle, indicating the classical
tradeoff between them.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The performance and emission characteristics of compression
ignition engines are largely governed by fuel atomization and
spray processes which in turn are strongly influenced by the flow
dynamics inside the injector nozzle. Modern diesel engines employ
micro-orifices with different orifice designs, and it is critical to
characterize the effects of various designs on engine performance

and emissions. The flow inside the injector is controlled by dy-
namic factors (injection pressure, needle lift, etc.) and geometrical
factors (orifice conicity, hydrogrinding, etc.). The effects of dynamic
factors on the injector flow, spray combustion, and emissions have
been investigated by various researchers including [1–4]. There
have also been experimental studies concerning the effects of noz-
zle orifice geometry on global injection and spray behavior [5–13].

Benajes et al. [9] conducted an experimental study to analyze
the influence of conical and cylindrical nozzle orifices on injection
rate behavior of a common-rail fuel injection system at maximum
needle lift in a cavitation test rig. They observed that compared to a
cylindrical orifice a conical orifice reduces cavitation, increases
flow efficiency (discharge coefficient) and exit velocity, although
the fuel injection rate is reduced due to the smaller exit area. Payri
et al. [10] observed choking conditions with cylindrical nozzles
whereas for conical nozzles the mass flow rate was always propor-
tional to the square root of pressure drop indicating absence of
cavitation at the nozzle exit. They also observed an increase in
injection velocity due to the presence of vapor at orifice exit for
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the cylindrical nozzle. Han et al. [11] compared conical and cylin-
drical nozzles and found that the primary breakup region is
strongly influenced by nozzle geometry. The effect of orifice geom-
etry on spray penetration, liquid length, and cone angle has also
been examined. Payri et al. [5] and Blessing et al. [8] reported that
for non-evaporating sprays the increase in conicity results in great-
er liquid penetration and smaller cone angle. However, Bae et al.
[7] found that spray tip penetration and cone angle decreased
due to increase in conicity which is in direct contradiction to stud-
ies by Payri et al. and Blessing et al. Simulations by Som et al. [14]
provided further insights on this issue and confirmed that conicity
suppresses cavitation and turbulence inside the nozzle, which are
known to enhance primary breakup. Consequently, with a conical
nozzle, the breakup process becomes slower, producing larger
droplets and increased liquid penetration. Payri et al. also studied
the spray penetration and liquid length under evaporating condi-
tions for various nozzle geometries [6].

The literature review indicates that while the effect of orifice
geometry on the injector flow and spray processes has been exam-
ined to some extent, its influence on engine combustion and emis-
sions is not well established. To the best of our knowledge, the
influence of nozzle geometry on spray and combustion character-
istics has also not been studied numerically, mainly due to the
complicated nature of flow processes associated. These form the
major motivation for the present study i.e., to examine the effects
of nozzle orifice geometry on inner nozzle flow, non-evaporating,
evaporating, and combusting sprays, emission characteristics un-
der diesel engine conditions. With increasingly stricter emission
regulations and greater demand on fuel economy, the injector per-
haps has become the most critical component of modern diesel en-
gines. Consequently, it is important to characterize the effects of
orifice geometry on injection, atomization and combustion behav-
ior, especially as the orifice size keeps getting smaller and the
injection pressure higher. In order to achieve the proposed objec-
tives, we first examine the effects of orifice geometry on the injec-
tor flow, including the cavitation and turbulence generated inside
the nozzle. We then couple the injector flow simulations with en-
gine simulations, and investigate the effects of hydrogrinding and
conicity on the non-evaporating and evaporating spray behavior.
Qualitative comparisons with available data in literature [5,8] are
also performed.

Diesel engine combustion is characterized by a dual burning
mode involving a rich premixed flame and a diffusion flame. Most
of the soot and unburned hydrocarbons are generated in the rich
premixed flame, while NOx production mainly occurs in the non-
premixed flame. Consequently, engine emissions are determined
by the relative contributions of the rich premixed and diffusion
flames [15], which in turn depend upon conditions in the flame
stabilization region. An important consideration in this context is
the flame stabilization location or lift-off length [16–18], which
strongly depends on fuel–air mixing and ignition behavior up-
stream of the flame. Therefore, another objective of this study is
to examine the effects of nozzle geometry on the flame lift-off
length and structure. To the best of our knowledge, there are no
studies establishing the influence of nozzle geometry on flame
lift-off characteristics. Also, extensive validations of fuel oxidation
chemistry and soot model will be presented.

2. Physical and numerical model

The effect of orifice geometry on the injector flow was exam-
ined by considering a full-production injector (cf. Fig. 1), which
was previously used for X-ray measurements of atomizing spray
at Argonne National Lab [19]. The injector has six cylindrical holes
with diameter of 169 lm at an included angle of 126�. To simulate

Argonne’s experiments, a single spray plume in a constant-volume
chamber was considered. A cylindrical geometry of 50 mm in
diameter and 200 mm in length was generated [14]. The effects
of conicity and hydrogrinding were examined by simulating three
different orifices; (1) a cylindrical orifice as used in Argonne exper-
iments (base nozzle), (2) a conical orifice, and (3) a hydroground
orifice. The orifice conicity is defined in terms of a K-factor (K) as:

K ¼ Din � Dout

10
lm ð1Þ

where Din and Dout are inlet and outlet orifice diameters (cf. Fig. 1b).
The amount of hydrogrinding is represented by the radius of curva-
ture at nozzle inlet, normalized by the nozzle radius, i.e., r/R (cf.
Fig. 1b). Thus the base nozzle has a cylindrical orifice with exit
diameter of 169 lm, K = 0 and r/R = 0, the conical orifice is repre-
sented by Dout = 149 lm, K = 2 and r/R = 0, and the hydroground ori-
fice by K = 0, r/R = 0.014 (cf. Table 1). The 3-D turbulent flow
simulations for these nozzles were performed using the CFD soft-
ware FLUENT v6.3. Details of the 2-phase models used in these sim-
ulations and the validation studies for predicting the flow and
cavitation characteristics are reported in Refs. [2,3].

In order to mimic the combusting spray experiments performed
at Sandia National Laboratory [16–18,20,21], spray was injected in
a constant-volume combustion vessel under diesel engine condi-
tions. Spray and combustion simulations were performed using a

Fig. 1. (a) Schematic of 6-hole full-production mini-sac nozzle. Only two holes are
seen in this cross-sectional slice. Nozzle and needle region are identified along with
the computational zone used in simulations. (b) Orifice geometry details are also
presented.

Table 1
Geometrical characteristics of the nozzles simulated.

Geometrical
characteristics

Base
nozzle

Conical
nozzle

Hydroground
nozzle

Din (lm) 169 169 169
Dout (lm) 169 149 169
Kfactor 0 2 0
r/R 0 0 0.014
L/D 4.2 4.7 4.2
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Eulerian–Lagrangian approach in CFD engine software CONVERGE
[22–24]. It incorporates state-of-the-art models for spray injection,
atomization, turbulence, droplet collision and coalescence, com-
bustion, and emissions processes. Since details of these models
can be found elsewhere [2,23,24], only a brief description is pro-
vided here.

A blob model is used to inject liquid droplets with diameter
equal to an effective nozzle diameter calculated based on injector
flow simulations. The number and frequency of parcels injected
are specified based on the rate of injection (ROI) profile computed
from injector flow simulations. Following injection, the liquid
breakup is simulated using the recently developed KH-ACT (Kelvin
Helmholtz-Aerodynamics Cavitation Turbulence) model for pri-
mary breakup, and KH–RT (Kelvin Helmholtz–Rayleigh Taylor)
model for secondary breakup. Details of these models and the
strategy for coupling the injector flow and spray simulations are
provided in our previous studies [2,14,25]. As discussed in these
studies, the KH-ACT model can accurately incorporate the effects
of nozzle orifice geometry, especially the effects of cavitation and
turbulence, on primary breakup, while the commonly used KH
model only considers the aerodynamic breakup, caused by the
growth of KH instabilities [26].

Details of the droplet dynamics and vaporization models,
including the effects of turbulent dispersion, droplet distortion,
collision and coalescence, are provided in Refs. [22,23]. For com-
busting sprays, a detailed kinetics model for n-heptane combustion
is employed using the SAGE chemical kinetic solver [22,23]. The
mechanism has been developed at Chalmers University [27], and
consists of 42 species and 168 reactions for n-heptane combustion
and NOx formation. It is coupled with gas phase calculations
through a well-stirred reactor model.

CONVERGE uses an innovative modified cut-cell Cartesian
method for grid generation [22,23]. The grid is generated internally
to the code at runtime. The adaptive mesh resolution (AMR) tech-
nique enables local mesh refinement in regions of high tempera-
ture and species gradients. In order to match the spray chamber
geometry used in combustion experiments at Sandia National Lab-
oratories [16], a cube of 108 mm was generated. For all the cases
the base grid size was fixed to 8 mm. In order to resolve the flow
near the injector, four levels of fixed grid embedding was em-
ployed such that the minimum grid size was 0.5 mm. Apart from
this region, it is difficult to determine a priori where a refined grid
is desired. Hence, four levels of adaptive mesh refinement were
employed such that the minimum grid size was 0.5 mm.

3. Results and discussion

3.1. Validations

Extensive validations for both the injector and combusting
spray simulations have been reported in our previous studies
[2,3,12,14,25]. Validations for the injector flow included matching
the discharge coefficient and vapor fraction (cavitation) regions [3].
Combusting spray validations included matching the flame lift-off
and liquid lengths with Sandia measurements for a range of condi-
tions [2,25,28]. In addition, X-ray radiography measurements [19]
for the base nozzle were used for validating the KH-ACT model
[2,12,14]. Additional validations against flame lift-off data and
the detailed kinetic model against ignition delay data [29] are pre-
sented here. In addition, the soot model used in this study is also
validated against data from Sandia National Laboratories.

As mentioned earlier, in the current study n-heptane is used as
a surrogate fuel for diesel combustion. N-heptane is a fuel surro-
gate of choice since its cetane number (�56) is similar to that of
conventional diesel fuel. N-heptane mechanism [27] is validated

against some recent auto-ignition delay data from Gauthier et al.
[29] for n-heptane/air mixtures. Fig. 2 plots ignition delay time
vs. 1000/temperature for various pressure ranges and covering
ignition delay times over two orders of magnitude. Simulations
were performed using the well-stirred reactor model in CHEMKIN
3.7 [30,31]. Fig. 2 shows model generating consistent trends with
data. The kinetic model was able to capture the negative tempera-
ture coefficient (NTC) regime especially at high pressures wherein,
ignition delay times increases with initial temperature. Since this
kinetic model agreed well with experimental data, it is used fur-
ther in this study to simulate the combustion processes.

Fig. 3 compares flame lift-off location obtained from experi-
ments of Siebers and Higgins [16] and calculated using OH mole-
fraction and temperature contours. According to Peters [32]
flame lift-off occurs at the flame stabilization location under near

Fig. 2. Comparison of CHEMKIN simulations vs. experimental data of Gauthier et al.
[21] for ignition delay times as a function of temperature for n-heptane/air
mixtures.

Fig. 3. Comparison of experimental flame lift-off image from Siebers and Higgins
and flame lift-off [8] determined from OH mole-fraction and temperature contours.
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stoichiometric conditions. In experiments, OH chemiluminescence
provides an excellent marker of the high heat release regions and
thus of lift-off length. In simulations, two criteria for flame lift-
off are analyzed. One based on temperature contours i.e., farthest
upstream location of T P 2200 K contour and second based on
the most upstream location of OH molefraction contours. In simu-
lations (cf. Fig. 3b and c), white solid lines indicate the flame lift-off
location. The simulation was performed with the KH-ACT model
under base conditions (cf. Table 2). The field of view in the axial
and radial directions is 80 mm and 40 mm, respectively. Flame
lift-off length predicted by the OH molefraction contour is margin-
ally higher (23.1 mm) than the experimental value, while that pre-
dicted by the temperature contour (22.1 mm) is in better
agreement with the experimental data. Hence, the temperature
criterion is used from here on to predict flame lift-off location.

Fig. 4 presents a comparison of the measured and computed
flame images, obtained using KH-ACT model, at different injection
pressures and orifice diameters. Validation against other data in
literature [16–18] has already been performed by Som and Aggar-
wal [25]. Fig. 5 presents more quantitative comparisons. The ef-
fects of injection pressure and orifice diameter on the flame
structure and stabilization are well captured by the simulations
as shown in Fig. 4. The lift-off length was observed (cf. Fig. 5a) to
increase with orifice diameter, a trend well captured by simula-
tions. However, the lift-off length is slightly underpredicted by

simulations. This trend can be explained by the fact that the fuel
injection rate and hence the total mass injected increases with in-
crease in orifice diameter. Thus to form a conducive fuel–air mix-
ture for ignition, the amount of air to be entrained also increases
thus increasing the flame lift-off length. The liquid length is seen
to increase linearly with orifice diameter (cf. Fig. 5a). This is an
important result since with a smaller orifice, smaller liquid length
can be achieved thus decreasing the chances of piston and wall
impingements. This behavior is also well captured by simulations.
Under these ambient and upstream conditions the KH-ACT model
predicts a crossover point at about 135 lm. Perhaps a more impor-
tant observation from Fig. 5a is that with decreasing orifice diam-
eter beyond 135 lm the interaction between fuel vaporization and
combustion processes can be avoided. The effect of injection pres-
sure on the lift-off and liquid lengths is shown in Fig. 5b. As the
pressure drop (difference between injection and ambient gas pres-
sure) across the orifice increases, the lift-off length also increases.
According to Peters [32], the flame lift-off length varies linearly
with injection velocity, and since injection velocity increases with
injection pressure, the monotonic increase in lift-off length with
injection pressure is expected. This trend is well captured by sim-
ulations; however, the lift-off length is marginally underpredicted.
Liquid length remains nearly constant with injection pressure
which is consistent with previous experimental findings [33].

Validation for the soot model is provided in Fig. 6, which com-
pares the planar laser-induced incandescence (PLII) images of soot
[34] with the predicted normalized soot mass fraction distribu-
tions. In order to match the experimental conditions used at San-
dia, simulations were performed with an injection pressure of
1400 bar, and ambient density and temperature of 14.8 kg/m3

and 1000 K, respectively (cf. Table 2). Other injector and ambient
conditions are reported in [2,12,16]. Fig. 6 shows the temporal evo-
lution during a typical combustion event. The time after SOI for
each image is shown on the left, and color scaling of the predicted
normalized soot mass fraction on the right. There is reasonably
good agreement between the predicted and measured soot distri-

Table 2
Simulated base conditions for the combusting spray experiments performed at Sandia
National Laboratory [16–18].

Orifice diameter 246 lm, L/D = 4.2
Injection pressure (bar) 1400
Fill gas Mixture of N2 = 0.693,

O2 = 0.21, CO2 = 0.061, H2O = 0.036
Chamber density (kg/m3) 14.8
Chamber temperature (K) 1000

Fig. 4. Comparison of the KH-ACT model with images obtained from Siebers and Higgins at different (a) Orifice diameters, and (b) injection pressures.
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butions. The experimentally observed trend that soot generation
occurs beyond the flame lift-off length is well captured by the sim-
ulations, and so is the flame lift-off length. There was also a good
correspondence between the predicted C2H2 (not shown) and mea-
sured soot distributions.

3.2. Nozzle flow modeling

First set of simulations focused on the effect of orifice geometry
on injection and atomization behavior. Fig. 7 compares the amount
of cavitation (or vapor volume fraction contours) generated in the
three nozzles. For these simulations, a three-dimensional 60�-sec-
tor mesh using 60,000 cells, with tetrahedral elements in the sac
region and structured orthogonal grids in other regions was gener-
ated. Details are provided in Refs. [2]. For all three nozzles, a 2-D
view (though the mid-plane) is shown. The vapor volume fraction
varies from 0 (pure liquid) to 1 (pure vapor). There is significant
amount of cavitation with vapor reaching the nozzle exit for the

base nozzle compared to the other two nozzles. Hence, at the ori-
fice exit, liquid fuel is injected in the case of the conical and hydro-
ground nozzles as against a mixture of fuel and vapor for the base
nozzle, thus causing a decrease in mixture density also.

Fig. 8 presents injection velocity and discharge coefficient (Cd)
at nozzle exit for different pressure drops across the orifice. The
back pressure was always fixed at 30 bar hence, the change in
injection pressure resulted in change in pressure drop across
the orifice. With increase in injection pressure, injection velocity
at the orifice exit is seen to increase which is expected. It should
be noted that the injection velocity reported is an average value
across the orifice exit. The average injection velocity and dis-
charge coefficient are lowest for the base nozzle owing to the
presence of cavitation at the orifice exit. Compared to the conical
nozzle, the hydroground nozzle predicts higher injection
velocities and Cd hence, implying the fact that hydrogrinding is
more efficient in improving flow efficiency compared to changing
the conicity. The influence of nozzle geometry on mass flow rate

Fig. 5. Validation of the KH-ACT model against liquid length and lift-off length data for various (a) orifice diameters and (b) pressure drop across injector orifice, at an ambient
gas density and temperature of 14.8 kg/m3, and 1000 K, respectively.

Fig. 6. Time sequence of PLII images [19] and predicted soot mass fraction contours
(right). The dashed and solid vertical lines indicate the lift-off length and an axial
location of 50 mm, respectively.

Fig. 7. Vapor volume fraction contours for the three orifices.

S. Som et al. / Fuel 90 (2011) 1267–1276 1271
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and turbulence levels at the nozzle orifice exit is investigated
next since these parameters are directly input in spray simula-
tions as rate profiles for cavitation, turbulence, and fuel mass in-
jected [14].

The turbulence levels in terms of turbulent kinetic energy
(TKE) and turbulence dissipation rate (TDR) were higher for the
base nozzle (cf. Table 3). Additional simulations were performed
for all three nozzles by varying the injector conditions [2], and
the results are summarized Table 3, showing the global effects
of orifice geometry on the nozzle flow and injection characteris-
tics. Important observations are that compared to the base nozzle,
the exit density, velocity, and discharge coefficient are higher for
the conical and hydroground nozzles, and this can be attributed
to the suppression of cavitation for these nozzles. The fuel injec-
tion rate is lower for the conical nozzle due to a smaller exit
diameter, but higher for the hydroground nozzle due to higher
flow efficiency for this nozzle. It is also important to note that
the parameters listed in Table 3 form input for the spray and
combustion modeling, and thus couple the injector and spray
simulations.

In order to perform coupled inner nozzle flow and spray sim-
ulations, a rate of injection profile of the fuel injected in addition
to the turbulence and cavitation levels at the nozzle exit are nec-
essary [14,25,35]. This forms the necessary boundary condition
for the KH-ACT model. The rate of injection profile for the base
nozzle was measured [3]. The change in exit velocity, area, and
density due to change in nozzle orifice geometry was calculated
(cf. Table 3 and Fig. 8). These changes were incorporated to the
base nozzle ROI profile to obtain injection rates for the
hydroground and conical orifices as shown in Fig. 9a. Based on in-

ner nozzle flow simulations, increase in nozzle orifice conicity
(from Kfactor = 0 to Kfactor = 2) and hydrogrinding (from r/R = 0 to
r/R = 0.014) resulted in an increase in nozzle exit velocity (cf.
Fig. 8) and density (cf. Fig. 7). The mass flow rate is the lowest
for the conical nozzle. Although the exit velocity and density
were higher for the conical nozzle, the decrease in exit area from
169 lm to 149 lm seems to be the dominating effect. Mass flow
rate was highest for the hydroground nozzle which is expected
since the exit velocity and density increased with hydrogrinding
while the nozzle exit area was 169 lm (cf. Table 1). These obser-
vation regarding mass flow rates are consistent with the findings
of Benajes et al. [9].

Fig. 9b presents the cavitation and turbulence levels at the ori-
fice exit at different needle-lift positions. The peak needle lift of
this injector was 0.275 mm which corresponds to full needle open
position. Other needle positions simulated are: 0.05 mm, 0.1 mm,
0.15 mm, and 0.2 mm open, respectively. A general trend observed
is that the TKE increased with needle-lift position which is ex-
pected since the injection pressure also increased resulting in high-
er Reynolds numbers. The turbulence levels at the nozzle exit were
lower with hydroground and conical nozzle owing to more flow
uniformity. The area coefficient (Ca) is representative of the cavita-
tion intensity at the nozzle exit. For hydroground and conical noz-
zles there was no vapor present at the nozzle exit at all needle-lift
positions hence, Ca is always 1. The base nozzle on the other hand
predicted significant amount of vapor at the nozzle exit, which re-
sults in Ca = 0.92.

Fig. 8. Discharge coefficient and injection velocity as a function of pressure drop
across the orifice for the three orifices described in the context of Figs. 1 and 7.

Table 3
Influence of orifice geometry on inner nozzle flow and injection characteristics.

Fig. 9. Rate of injection profile for the (a) fuel injected vs. time, and (b) turbulent
kinetic energy and area coefficient vs. time, for the three injector orifices described
in the context of Figs. 1 and 7. The dashed vertical lines represent the needle-lift
positions.
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3.3. Non-evaporating spray modeling

In the previous section, the influence of nozzle orifice geometry
on cavitation, flow, and turbulence levels were investigated. These
formed boundary conditions for spray and combustion simula-
tions. The effect of nozzle orifice geometry on the spray character-
istics is depicted in Fig. 10, in terms of liquid penetration as a
function of time (cf. Fig. 10a), and transverse liquid projected den-
sity profiles at fixed axial locations (cf. Fig. 10b). The liquid pene-
tration is lowest for the base nozzle, which can be attributed to
the enhanced primary breakup caused by the cavitation and turbu-
lence generated inside this nozzle. The enhanced breakup leads to
smaller sauter mean diameter (not shown here), and thus lower
penetration. The hydroground nozzle yields higher spray penetra-
tion compared to that for the conical nozzle, which is due to the
higher fuel injection rate for the former, as discussed earlier (cf.
Fig. 9). The projected density profiles exhibit a Gaussian distribu-
tion as the spray spreads in the transverse direction, consistent
with the X-ray radiography data [19]. The peak of distribution is
representative of liquid mass in the spray core, while the tail indi-
cates the extent of spray dispersion. For all the three nozzles, spray
dispersion increases while the peak projected density decreases
with axial distance, as the spray spreads due to its interaction with
ambient air. An important observation is that the peak projected
density is smallest and the spray dispersion highest for the base
nozzle compared to the hydroground and conical nozzles. This is
due to the enhanced liquid breakup, which leads to smaller

droplets and thus higher dispersion for the base nozzle. In sum-
mary, results indicate significant amount of cavitation and turbu-
lence generated for the base nozzle. This leads to enhanced
primary breakup, and consequently smaller droplets, smaller li-
quid penetration, and higher spray dispersion for this nozzle com-
pared to the hydroground and conical nozzles. Smaller droplets
and higher dispersion imply enhanced fuel–air mixing with impor-
tant consequences for the flame structure and emissions, as dis-
cussed next.

3.4. Evaporating and combusting spray modeling

In the absence of geometrical details for the nozzle orifice used
at Sandia National Laboratory, empirical correlations were used to
determine the TKE, TDR, and extent of cavitation, as done in our
previous study [14]. Since the ROI is typically a top-hat profile,
these values at peak needle-lift position were used for evaporating
spray and combustion simulations. As shown in our previous study
[14], with such an approach, liquid length and vapor penetration
can be accurately captured. Fig. 11 depicts the effect of orifice
geometry on the spray and flame development. The spray develop-
ment is indicated in terms of liquid penetration, and the flame
development in terms temperature contours at different times.
Due to axisymmetric nature of the spray and combustion pro-
cesses, images are presented on a cut-plane through the center of
the fuel jet. The field of view in both axial and radial directions is
108 mm for all images. The flame lift-off length is defined by the
farthest upstream location of T P 2200 K contour, while the liquid
length is defined by the maximum penetration of liquid fuel, and
established at a location where the fuel injection rate balances
the fuel evaporation rate [36]. The initial spray and combustion
processes appear to be similar for the three nozzles. As the fuel
is injected and atomized, the liquid penetration increases with
time, and reaches its maximum value or ‘‘liquid length’’ at about
0.5 ms (cf. Fig. 12) after SOI. Following atomization, the fuel vapor-
izes and entrains hot air leading to fuel air mixing and ignition,
which occurs between 0.42 and 0.45 ms after SOI for the three noz-
zles with two fairly symmetrical flame kernels formed down-
stream of the spray tip. Subsequently, the flame develops in a
fuel rich region, and the flame base is seen to move upstream with
time and eventually stabilizes at about 1.2 ms after SOI (cf. Fig. 12)
and at a location that is determined by a balance between a turbu-
lent flame speed and local flow velocity.

The effects of orifice geometry on the spray and combustion
characteristics are summarized in Fig. 12 and Table 4. Fig. 12 plots
the flame lift-off and liquid lengths vs. time after SOI for the three
nozzles. Consistent with spray penetration trends discussed earlier
(cf. Fig. 10a), the liquid length is shortest for the base nozzle, again
due to faster liquid breakup and smaller droplets produced with
this nozzle. This implies faster vaporization and fuel–air mixing,
leading to earlier ignition for this nozzle. This is confirmed by
the values in Table 4, which indicates that ignition occurs earlier
and closer to the injector for the base nozzle compared to other
two nozzles. The lift-off length, however, exhibits somewhat differ-
ent trend for the three nozzles. It is smallest for the conical nozzle,
and largest for the hydroground nozzle. This behavior is related to
the amount of fuel injected, vaporization rate, and fuel–air mixing
for the three nozzles. Since the rate of fuel injection and total
amount of fuel injected are highest for the hydroground nozzle,
it would form a richer mixture implying lower flame base up-
stream propagation speed. Consequently, the flame is stabilized
further downstream for this nozzle. In contrast, the fuel injection
rate and total fuel injected are the lowest for the conical nozzle,
and, consequently, the lift-off length is smallest for this nozzle. Re-
sults in Fig. 12 and Table 4 further indicate that for all three noz-
zles, the lift-off length is smaller than the liquid length implying

Fig. 10. Liquid penetration vs. time (a) and transverse mass density profiles (b) at
fixed axial locations for the three nozzles.
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strong coupling between fuel vaporization and combustion pro-
cesses under conditions investigated.

As stated earlier, diesel engine combustion involves a dual
burning mode with a rich premixed flame near the stabilization re-
gion and a diffusion flame around the jet periphery. This combus-
tion mode is well described by the Dec’s ‘‘conceptual model’’ [15],

based on laser-sheet imaging and optical data, as illustrated in
Fig. 13a. In order to spatially resolve this lifted flame structure con-
taining the rich premixed (RPZ) and non-premixed (diffusion)
(NPZ) reaction zones, we developed a post-processing tool, based
on a flame index [2,25], using data from 3D unsteady simulations.
This flame index is defined as:

np ¼
1
2

1þ GCO:O2

jGCO:O2 j

� �
with GCO:O2 ¼ rYCO � rYO2 : ð2Þ

where YCO and YO2 denote the CO and O2 mass fractions, respec-
tively. The two reaction zones are resolved as:

np ¼ 0) Rich Premixed Reaction Zone
np ¼ 1) Non-Premixed Reaction Zone ð3Þ

Note that conventional definition of flame index [37], based on
fuel and oxidizer mass fractions, would not resolve the NPZ in the
present case, since the fuel is completely consumed in the RPZ to
form CO, H2, and intermediate hydrocarbons. Consequently, we re-
placed fuel by CO in defining the flame index, since most of CO is
produced in RPZ and consumed in NPZ.

As shown in Fig. 13, the modified flame index is able to resolve
the dual flame structure well, and reproduce the Dec’s model for all
three nozzles. There are, however, differences in the flame struc-
tures for the three nozzles. For the conical nozzle, the relative role
of premixed combustion is enhanced (indicated by a longer RPZ)
and that of diffusion combustion reduced (indicated by a shorter
NPZ) compared to the other two nozzles. On the other hand, for
the hydroground nozzle, the role of RPZ is reduced and that of
NPZ enhanced compared to the other two nozzles. This has conse-
quences for soot and NOx emissions, since most of soot is generated
in RPZ, while NOx production mainly occurs in NPZ. Thus the
amount of soot produced is expected to be the highest for the con-
ical nozzle, and the NOx generation is expected to be highest for the
hydroground nozzle. This is confirmed in Fig. 14, which presents
the volume-averaged soot and NOx and soot concentrations vs.
time for the three nozzles. The values are normalized using the
maximum soot and NOx values. Results indicate the classical trade-
off between NOx and soot concentrations, with the conical nozzle
producing highest soot but lowest NOx concentrations, while the
hydroground nozzle producing lowest soot but highest NOx. The
results are also consistent with experimental studies [13], indicat-
ing that the soot levels are inversely correlated to the flame lift-off
lengths (cf. Fig. 12). This inverse correlation is consistent with
experimental measurements by Pickett et al. [34] for non-oxygen-
ated fuels. It is also interesting to note that the influence of nozzle
geometry is more pronounced on soot emissions than on NOx

emissions. Based on the NOx and soot tradeoff, a hydroground noz-
zle is more efficient in reducing overall emissions compared to a
conical nozzle.

Fig. 11. Spray penetration and flame development (in terms of temperature
contours) for the three nozzles. Liquid length is indicated by a dashed line.

Fig. 12. Effect of nozzle geometry on spray penetration, liquid length, and lift-off
length.

Table 4
Ignition time and location, liquid length, and flame lift-off length for the three
nozzles.

Nozzle type Ignition
time (ms)

Ignition
location
(mm)

Liquid
length
(mm)

Lift-off
length
(mm)

Base
(K = 0, r/R = 0)

0.42 47.2 25.1 19.3

Conical
(K = 2, r/R = 0)

0.44 48.8 26.9 7.9

Hydroground
(K = 0,
r/R = 0.014)

0.45 49.2 27.2 20.6
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4. Conclusions

A recently developed primary breakup model (KH-ACT), which
accounts for the effects of cavitation and turbulence generated in-
side the injector nozzle, has been incorporated into a CFD software
CONVERGE for comprehensive engine simulations. The effects of
nozzle orifice geometry (i.e., conicity and hydrogrinding) on spray
and combustion processes have been examined by coupling the
injector flow and spray simulations.

Conicity and hydrogrinding significantly reduce cavitation and
turbulence levels inside the nozzle orifice, which slows down

primary breakup, leading to larger droplets, increased spray pene-
tration, and smaller dispersion. Consequently, with conical and
hydroground nozzles, the vaporization rate and fuel air mixing
are reduced, and ignition occurs further downstream. The flame
structure and stabilization are also noticeably influenced by orifice
geometry. The flame lift-off lengths are the highest and lowest for
the hydroground and conical nozzles, respectively. This is mainly
related to the rate of fuel injection, which is higher for the hydro-
ground nozzle, leading to richer mixtures and lower flame base
speeds for this nozzle.

A modified flame index is employed to resolve the lifted flame
structure, which indicates a dual combustion mode under diesel
engine conditions. For the conical nozzle, the relative role of rich
premixed combustion is enhanced and that of diffusion combus-
tion reduced compared to other two nozzles. In contrast, for the
hydroground nozzle, the role of RPZ is reduced and that of NPZ is
enhanced. Consequently, the amount of soot produced is highest
with a conical nozzle, while the amount of NOx produced is the
highest with a hydroground nozzle, indicating the classical tradeoff
between NOx and soot emissions.
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