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Abstract: Variation of fuel injector nozze hole is on engine
emission and performance is evaluated in present article.
Simulation iscarried out on caterpillar 3401 diesel engineisusing
CONVERGE CFD code. A 60° sector model with SAGE
combustion model was considered to examine the four different
nozze hole diameters (0.230mm, 0.240mm, 0.250mm, 0.259mm
and 0.270mm) and their effect on the engine performance,
emissions and spray characteristics. The combustion results
showed that nozze hole diameter of 0.230mm contributed for
maximum in-cylinder pressure and temperature due to
enhancement in spray cone angle, atomization, and efficient
air-fuel mixture. HC, CO, and soot Emissions were found to be
decreased with the decrease in nozze hole diameter, however, due
to enhanced atomization and the overall increase in cylinder gas
temperature, the NOx emissions were observed to increase for
nozze holes with smaller diameters. Droplet radius for 0.250mm,
0.259mm and 270 mm is found to be larger to the formation of
lower jet velocities. Thus nozze holes with smaller diameter tend
to reduce the emissions with a penalty in NOx emission.

Index Terms. CONVERGE CFD, combustion, emissions,
atomization, spray

I. INTRODUCTION

. Lots of efforts are being made into reducing the engine
pollutant and greenhouse emissions to explore clean biofuels
for Cl and S| engines new[1][2][3][4]. Engine downsizing
concept has led to improve the engine performance however,
the problem of NOx and Soot emissions is till the major
concern. Various studies have shown that the NOx and soot
emissions have unfavorable effects on the environment and
on human health[5]. Stringent emissions and regulations
require cleaner combustion technol ogies.

After-treatment systems like SCR, DPF, NOx trap,
Exhaust gas recirculation are used to control the emissions.
However, these systems face issues of cost, durability and
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increased fuel consumption. Hence research is dedicated
towards on in-cylinder technologies to control the emissions.
Fuel injectors are the most vital element of diesel engine and
often known as ‘heart of engine’. Fuel injector delivers the
right amount of fuel as per the engine requirement with high
pressure required for the proper fuel atomization, mixing
with air which in turn provided efficient combustion and
thereby controlled emissions. Various fuel injection
parameters such as the number of nozzles, diameter, and
spray angle contribute to combustion due to spray parameters
such as spray length and droplet size. Many researchers have
focused on the effect of nozzle configurations such as the
number of holes, nozzle diameter, and nozzle length on
engine performance and emissions.

Effect of two injector nozzles of diameter 0.16mm and
0.08mm with three different injection pressures investigated
by Montgomery et.a [6] showed that nozzle diameter of
0.08mm with an injection pressure of 100Mpa lowered the
soot formation as a result of impinging spray flame. Thusthe
grouping of smaller diameter with high injection pressures
provided better atomization, spray penetration and spray
impingement on the cylinder walls. Subash Lahane and K.
Subramanian [7] studied the variation of nozzle diameter on
spray penetration using a modified nozzle configuration
(0.188mm x 6 holes). They found that the modified nozzle
configuration enhanced the air-fuel mixing which resulted in
lesser smoke emissions (38% opacity) as compared to
baseline nozzle configuration (40% opacity). Also, NOx
emissions were observed to decrease with increasing the
nozzle holes from 5 to 6. Nozzle fuel flow and spray
formation were studied numerically by Michele Battistoni
and Carlo Grimaldi [8], for two nozzle shapes (conical and
cylindrical). Higher flow rates were found for conical nozzle
due to the result of the reduction in cavitation.

Spray atomization and turbulence strongly depends on the
injection velocity at nozzle hole exit [9]. The boundary layer
produced near the hole wall is observed to increase for
smaller nozzle hole diameters which reduces the air-fuel ratio
and mass flow rate [10]. Increase in NOx emissions was
observed with, in the number of nozzle holes by Ranganatha
Swamy L. et.al [11], increase in combustion rate and more
heat releases during premixed combustion due to increment
in holes were the possible reasons for it. M. Vijaykumar et.al
[12] carried out the experimental study for three different
nozzle hole diameters (0.20mm, 0.28mm, 0.31mm), they
concluded that engine performance was enhanced for all
three nozzle hole diameter injectors. However, NOx
emissions were observed to be increased for smaller nozzle
hole diameter.
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Sauter mean diameter (SMD) and arithmetic mean
diameter are found for smaller nozzle hole diameter, due to
the enhancement in degree of dispersion of spray droplets
[13] Spray patterns for three nozzle hole diameters (0.22mm,
0.32mm and 0.42) studied by Lee and Kim [14]showed that
the Sauter mean diameter decreased as diameter of hole was
reduced. Larger nozzle hole diameters were observed to give
higher fuelling rate due to fuel rich core region regardless of
larger lift-off length[15].

Most authors have investigated the influence of injection
pressure and variation of nozzle holes on performance and
emissions. In present work, the effort is made on evaluating
the variation of injector nozzle hole diameter on engine
emissions and spray patterns using CONVERGE CFD code.

II. NUMERICAL ANALYSIS

The numerical model consists of the Caterpillar 3401
heavy-duty engine with injector nozzle with 6 uniform holes.
Actua photograph of nozzle holes is shown in figure 2. To
reduce the overal computational times the overdl
computational model is reduced to a 60° sector model.
(360/6= 6, i.e. each sector is considered to have one nozzle
hole). Specifications of CAT 3401 engine are given in table
1. Different views of 60° sector model are shown in figure 1.
CONVERGE studio isused for numerical ssmulation and the
results are post-processed using Paraview. Converge
provides automatic mesh refinement as per the mesh
movement and fluctuations using the Adaptive mesh
refinement (AMR), which eliminates the need to mesh the
whole model finely. The boundary conditions used for the
present study are given in table 2.

Fig.2 Photograph of the nozzle hole
Table 1 Engine Specifications

Bore x Stroke (mm) 137.6 x 165.1

Connecting rod length (mm) 261.62

Displacement volume (L) 244

Compression ratio 15.1

Number of Nozzle (orifice 6 x 0.259

xdiameter) (mm)

Number of cylinders 1

Engine rpm 1600

I njection pressure (Mpa) 90

Intake valve closure -147° aTDC

Injection duration 21.5 crank angle
degrees

Start of Injection -171°

Fuel injected (g/cycle) 0.1622
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Table 2 Boundary Conditions

Boundary Type | Boundary Value
Condition

Piston wall Temp. 553 K

Front face Periodic | - 60°
periodic
shape

Back face Periodic | - Matched
to front
face

Cylinder Wall Temp. 433 K

wall

Cylinder Wall Temperature | 523 K

Head

A. Combustion and spray modeling

SAGE combustion model availablein converge studio [16] is
used for present simulation. SAGE uses the principles of
chemical kinetics to calculate the reaction rates using local
conditions. The SAGE model runs in paralel with flow
solver which speed up the overall simulation. With suitable
reactions mechanism, SAGE can be used to analyze different
combustion phenomenon in both diesel and gasoline engines.
Converge consists, various models, to simulate the NOx and
soot produced during combustion. Along with these CO,
CO2 and UHC areinterpolated in converge with appropriate
reaction mechanism. The different emission models
considered in the simulation are given in table 3.
Table 3 Emissions models

Emission M odel
NOXx Thermal NOx model (Extended Zeldovich)
Soot Hiroyasu soot model

Spray simulation is calculated by CONVERGE using drop
parcels in the computational domain. Parcels consist of a
group of identical drops with uniform diameter, same
velocity, and temperature which are used to represent the
entire spray pattern. The different models associated with
spray simulation are presented in table 4.

Table 4 Combustion and Spray Models

Breakup KH-RT
Collision NTC
Drop drag Dynamic drag
Evaporation M ulti-component vaporization

928

In present work engine in-cylinder performance, emissions
and spray characteristics (spray penetration length, droplet
size and Sauter mean diameter) are analyzed for 4 different
nozzle hole diameters (0.230mm, 0.240mm, 0.250mm,
0.259mm (Baseline diameter) and 0.270mm).

1. VALIDATION OF NUMERICAL RESULTS

The numerical results obtained from CONVERGE CFD
are verified using the experimental datafrom Curtiset.al [15]
on CAT 3401 engine. All the engine and simulation
parameters were kept similar to those of the experiment. The
simulation is carried out for baseline nozzle diameter of
0.259 mm. Figure 3 (a & b) represents in-cylinder pressure
and temperature validation of
numerical and experimental
data
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Fig. 3 Validation of cylinder pressure and temperature of
numerical and experimental data with baseline hole
diameter of 0.259 mm
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IV. RESULTSAND DISCUSSION

A. Cylinder pressureand temperature
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Fig.3 Cylinder pressurefor different hole diameters

Figure 3 shows the effect of hole diameter on cylinder
pressure. It is seen that the smaller diameter holes produced
higher cylinder pressure. The nozzle hole with smaller
diameter provides the proper mixing of fuel and air dueto the
smaller fuel rich core of the fuel spray, which also resultsin
an increase in overall in-cylinder temperature for smaller
nozzle hole diameter.

Hence it can be observed that nozzle hole with 0.230 mm
diameter provided higher in-cylinder pressure and
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temperature amongst the others.

Ignition delay tends to increase pressure and temperature.
For smaler nozzle diameter holes the increase in gas
temperature in the combustion chamber increases, which
lowers the delay period. Enhancement in spray cone angle,
atomization and efficient air-fuel mixture in smaller nozzle
hole diameters contributes to efficient combustion which
resultsin increased in-cylinder temperature as seen in figure
4,
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Fig.4 Cylinder temperaturefor different hole
diameters

B. Engineemissions

Figure 5 and 6 show the variation of CO and HC emissions
for four different nozzle diameters. Hydrocarbons emissions
are produced due to incomplete combustion. The HC and CO
emissions are observed to decrease as the diameter of nozzle
decreases, this is because of reduction in the
wall-impingement for smaller diameter nozzles compared to
larger diameter nozzle.
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Fig.5 Effect on HC emissions
Also smaller diameter nozzle hole enhances the good
atomization and uniform distribution of fuel. Larger nozzle
hole diameter led to the quenching reaction on wall surfaces
as aresult of lesser temperature in the combustion chamber
due to reduced atomization and partial fuel evaporation [17].
The particle sizeis observed to increase with an increase in
nozzle diameter which resists the fuel mixture to burn
efficiently thereby increasing the
HC and CO emissions in case of
larger nozzle diameter.
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Fig.6 Effect on CO Emissions
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Fig.7 Effect on NOx Emissions

Figure 7 shows the variation of NOx emissions for
different nozzle diameters. Smaller nozzle diameter provides
enhanced atomization which increases the overall cylinder
gastemperature, which thereby increases the NOx emissions.
While poor atomization and uneven particle distribution
reduces the overall in-cylinder temperature for larger nozzle
diameter and decreases the NOx emissions.
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Fig.8 Effect on Soot Emissions
For smaller nozzle hole diameters the soot formation
decreases due to the decrease as the quantity of air-fuel
mixing upstream of the lift-off length decrease [18]. Thus
smaller diameter nozzle holes increase the air-fuel mixing
which leads to decrease in soot formation as shown in figure
8.
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V. SPRAY CHARACTERISTICS

A. Spray penetration length

Figure 9 represents the variation of spray penetration for
various hole diameters. As the diameter increases the spray
penetration is observed to increase at the same crank angle. It
is reported that increasing the nozzle diameter cavitation
tends to increase which increases the spray penetration [19].
More efficient combustion can be obtained with a
combination of high swirl ratio and hot walls along with
longer penetrations of spray. However high spray penetration
produces the undesirable fuel contact on the wall of the
cylinder which reducesthe fuel/air mixing rates which results
in an increase in emissions.
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Fig.9 Variation of spray penetration length
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Fig. 10 Fuel spray particle diameter distribution.

Figure 10 shows the spray particle radius distribution for
different nozzle hole diameters. Larger diameters of
0.259mm and 0.270 mm the radius of the droplet is larger
than other nozzle hole diameters, thisis due to the formation
of lower jet velocities which causes droplets to become larger

than nozzle diameter. Nozzleswith smaller diameter create
the high spray velocities which result in an early breakup,
thereby creating droplets smaller than the injector nozzle
diameter.
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Additionally, for larger diameter, the injection velocity is
reduced as observed in figure 11, which enhances the spray
breakup and mixing rates. However, the lower jet velocities
cause the droplets to become much larger than the nozzle
diameter due to fluctuations in surface waves as a result of
surface tension effects, which reduces atomization and
evaporation speeds [20].

C. Sauter mean diameter (SMD)

Figure 12 shows the variation of spray Sauter mean
diameter (SMD) for different nozzle hole diameters. SMD is
initially large after injection however, with the increase in
fuel injection rate SMD tends to decrease. At the start of the
spray nhozzle diameter, injection pressure affects the fuel
evaporation characteristics [21]. Oncethe fudl startsforming
small drop SMD decreases as a result of droplet break-up,
atomization, and evaporation. Hence as nozzle hole diameter
increases, SMD is observed to increase due to delay in
breakup and atomization.
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Fig. 12 Effect on Sauter Mean diameter

VI. CONCLUSION

Engine performance and emissionsis evaluated by varying
the nozzle hole diameter and simulated using CONVERGE
CFD, the following conclusions are drawn from the study,

1. Cylinder pressure and temperature was found to be
maximum for nozzle hole with 0.230mm diameter,
due to efficient mixing of fuel and air due to the
smaller fuel rich core of the fuel spray.

2. HC and CO emissions decreased with decreased in
hole diameter, due to the reduction in the
wall-impingement for smaller diameter nozzles
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compared to larger diameter nozzle.

3. Smaller nozzle diameter provides enhanced
atomization which increases the overall cylinder gas
temperature, which increases the NOx emissions.

4. Smaller diameter nozzle hole increases the ar-fuel
mixing which leads to decrease in soot formation.

5. As the diameter increases the spray penetration is
observed to increase at the same crank angle.
Increasing the nozzle diameter, cavitation tends to
increase which increases the spray penetration.

6. Sauter mean diameter is observed to increase with
enlargement of nozzle hole due to delay in breakup
and atomization
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