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ABSTRACT 

 

ARTICLE INFO 

In the present paper, the effect of using Different Orifice Geometries & 
Needle Lifts on transient heat-mass transfer and Combustion 
Indicated Quantities & Air Pollutant Species has been investigated in 
Marine Propulsion System Fuel Injectors using AVL-Fire CFD code. 
The effect of each of the proposed geometry and needle movement 
profiles (triangular, trapezius & boot) with the help of a three-
dimensional moving mesh by numerical model in AVL Fire software, 
which has been validated with experimental data in each part, on the 
performance & Air Pollutant Species of the Marine Propulsion System 
has been investigated by ANALYSER module. Numerical results show 
that converged conical with trapezius needle lift profile has better 
engine performance, efficiencies and low NO pollution. Although, 
diverged conical with trapezius needle lift profile has lower CO 
pollution. Fuel consumption decreases by 18.5% and its power and 
torque increase 64%. Also in this case, carbon monoxide pollutants 
decrease by 14% and nitrogen oxide pollutants decreasing by 10% 
for optimum status. In these case, indicated and mechanical 
efficiencies are increasing 22% and 41.5%, respectively. 
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1) Introduction 
Diesel engines are widely used in the marine 
industry due to their higher compression ratio, 
power and torque output, as well as lower fuel 
consumption than other internal combustion 
engines. Applications of this type of engine 
include commercial ships, tourism and various 
types of surface and submarine vessels. Today, 
more than 80% of world trade is done by sea. 
This has made the share of fuel consumption in 
this sector very significant and more than 3% of 
the world's carbon dioxide is produced by ships. 
Marine propulsion systems & diesel engines are 
shown in Figure 1. Given the increasing use of 
marine diesel engines and the problems caused 
by the limited resources of fossil fuels and their 
pollution, efforts to reduce pollutants and 
optimize fuel consumption is important and 
necessary. A variety of fuel delivery systems 
and proper and timely fuel injection in a diesel 
engine are the most important factor in 
improving its efficiency. For this reason, most 
diesel engine manufacturers have done a lot of 
research and work in the field of fuel system 
and have their own methods. Older engines 
used simple fuel injection technology that 
replaced the carburetor to overcome some of its 
shortcomings. The carburetor was a mechanical 
device that could not completely control a 
precise fuel-to-air ratio. Hence, they replaced it 
with a new common rail fuel injection 
technology in which fuel is atomized 
(powdered) by injecting it. In this method, with 
a common rail fueling system, the combustion 
process can be optimized by producing less 
pollutants and lower fuel consumption. In diesel 
injectors, cavitation occurs due to a sudden 
change in the geometry of the nozzle inlet hole, 
which leads to a drop in pressure to the vapor 
pressure of the liquid fuel. In this case, the 
boundary layer tends to separate and the return 
flow is created by a high pressure drop. Nozzle 
inlet geometry, injection pressure, needle lift 
profile, fuel type as well as its temperature has a 
great impact on the specifications of the 
sprayed fuel and the performance of the diesel 
engine. Fuel injection pressure, starting time, 
injection rate, nozzles geometries and in-
cylinder environment conditions have a great 
impact on the combustion and emissions of 
diesel engine [1]. Today, in addition to using 
different types of fuels and systems to control 
and regulate pollutant gases in engines, injector 
nozzle geometry is an important factor in 

improving fuel quality and engine efficiency [2-
4]. 
 

  
Marine propusion systems Diesel engine in boats 

  
Fuel injector parts Marine diesel engine 

Figure 1: Marine propulsion systems & diesel 
engines 

 
In-nozzle flow can be controlled by dynamics, 
hydrodynamics, and geometric factors that have 
been extensively studied in terms of injection 
pressure, two-phase liquid fuel flow in the 
nozzle, needle lift profile, and orifice geometry 
[5, 6]. The hydrodynamic behavior of the liquid 
fuel flow between the inlet nozzle, including 
cavitation and turbulence, can improve the 
atomization of diesel fuel injectors [7, 8] and 
increase the conical angle of the injectors [9, 
10]. Given the pollution caused by this type of 
engine and the limited fossil fuel resources, it is 
important to try to reduce the pollution caused 
by this type of engine, reduce fuel consumption 
and increase combustion efficiency. In fuel 
supply systems, changing the injector nozzle 
geometry, needle displacement profile and 
creating a rotational flow to improve the quality 
of fuel atomization and better mixing with air, 
because better mixing of fuel and air will cause 
better combustion. Occurrence of cavitation 
phenomenon in high pressure injection systems 
can be useful for fuel jet development because it 
can improve the initial decay and fuel 
atomization. Our high pressure difference 
between the beginning and the end of the 
injector orifice, in addition to the geometric 
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characteristics of the injector nozzle, which 
increases the flow velocity at the nozzle output, 
leads to higher dynamic pressure and lower 
static pressure in the nozzle internal flow and 
ultimately cavitation growth. It should be noted 
that the bursting of steam bubbles inside the 
injector nozzle leads to erosion of the nozzle 
surface and thus reduces its service life. 
Therefore, an optimal rate for cavitation is 
desirable. Changes in fuel supply systems lead 
to changes in the characteristics of the fuel 
fountain. Fuel jet characteristics play an 
important role in the performance of diesel 
engines and their emissions. Penetration length, 
average diameter of the cover and cone angle 
are the most important characteristics of the 

fuel fountain. 
Strotos et al. have been numerically 
investigated the importance of fuel 
pressurization, phase-change due to cavitation, 
wall heat transfer and needle valve motion on 
the fluid heating induced in high pressure Diesel 
fuel injectors. Variable fuel properties, being a 
function of the local pressure and temperature 
are found necessary in order to simulate 
accurately the effects of depressurization and 
heating induced by friction forces. Comparison 
of CFD predictions against a 0-D 
thermodynamic model, indicates that although 
the mean exit temperature increase relative to 
the initial fuel temperature is proportional to 
(1-Cd2) at fixed needle positions, it can 
significantly deviate from this value when the 
motion of the needle valve, controlling the 
opening and closing of the injection process, is 
taken into consideration. Increasing the inlet 
pressure from 2000 bar, which is the pressure 
utilized in today’s fuel systems to 3000 bar, 
results to significantly increased fluid 
temperatures above the boiling point of the 
Diesel fuel components and therefore regions of 
potential heterogeneous fuel boiling are 

identified [11]. 
Farajollahi et al. have been investigated the 
effects of creating rotationary flow inside the 
nozzle and changing fuel injection angle on the 
performance and emission of caterpillar diesel 
engine. The numerical results indicate that 
creating rotationary flow inside the nozzle 
decreasing penetration length while increasing 
fuel spray cone angle and improves atomization 
quality. The nozzle with grooves has better 
performance and lower emission compared to 

other geometries. In this case, the fuel 
consumption is decreasing 37 percent than that 
of the cylindrical one, while the engine power 
and its torque increases 75 percent than 
cylindrical nozzle hole. In addition, the amount 
of nitrogen oxide (NO) and carbon monoxide for 
the grooved nozzle geometry reduces 45 and 42 
percent respectively than cylindrical nozzle 
hole [12]. 
Kolovos et al. have been done an investigation 
of the fuel heating, vapor formation, and 
cavitation erosion location patterns inside a 
five-hole common rail diesel fuel injector, 
occurring during the early opening period of the 
needle valve (from 2 µm to 80 µm), discharging 
at pressures of up to 450 MPa, is presented. 
Numerical simulations were performed using 
the explicit density-based solver of the 
compressible Navier–Stokes and energy 
conservation equations. Friction-induced 
heating was found to increase significantly 
when decreasing the pressure. At the same 
time, the Joule–Thomson cooling effect was 
calculated for up to 25 degrees K for the local 
fuel temperature drop relative to the fuel’s feed 
temperature. The extreme injection pressures 
induced fuel jet velocities in the order of 1100 
m/s, affecting the formation of coherent vortical 
flow structures into the nozzle’s sac volume 

[13]. 
Koukouvinis et al. have been investigated 
erosion development due to cavitation inside 
Diesel injectors. Two similar injector designs 
are discussed both in terms of numerical 
simulation and experimental results from X-ray 
CT scans. During the simulation, pressure peaks 
have been found in areas of vapor collapse, with 
magnitude beyond 4000 bar, which is higher 
than the yield stress of common materials 
employed in the manufacturing of such 
injectors. The locations of such pressure peaks 
correspond well with the actual erosion 
locations as found from X-ray scans. The 
present work was the first to correlate pressure 
peaks due to vapor collapse with erosion 
development in industrial injectors with moving 
needle including comparison with experiments 

[14]. 
Firuzi et al. have been investigated the effects of 
increasing spray cone angle and turbulence 
intensity on the performance and emission of 
heavy-duty diesel engine. The numerical results 
indicate that creating swirly flow inside the 
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nozzle decreasing penetration length while, fuel 
spray cone angle increasing during the injection 
process. The nozzle with spiral rifling like 
guides has better performance and lower 
emission compared to other nozzle geometries. 
In this case, the fuel consumption is decreasing 
32 percent than cylindrical nozzle hole, while 
the engine power and its torque increasing 63 
percent. In addition, the amount of nitrogen 
oxide (NO) and carbon monoxide (CO) for the 
spiral convergent conical nozzle geometry 
reducing 15 percent and 30 percent 
respectively than cylindrical nozzle hole while 

engine has no soot emission problem [15]. 
Aleiferis & Papadopoulos numerically 
investigated Diesel injector nozzle with moving 
needle were performed using transient RANS 
modeling with compressibility of all phases 
accounted for. A range of fuel injection and air 
chamber pressures and temperatures were 
simulated, namely 400 and 900 bar upstream 
and 1, 35 and 60 bar downstream. Fuel, air and 
wall temperatures were varied in the range 300 
K to 550 K. The results showed that the flow 
during injection carried hysteresis effects. After 
the end of injection, the state of the nozzle 
varied from being filled with a large amount of 
liquid to being filled mostly with air. Some form 
of immediate fuel dribble existed in all test 
cases, whilst late liquid fuel mass expulsion was 
also predicted under certain conditions. The 
latter prediction highlighted sensitivity to the 
models enabled. The use of a transient pressure 
outlet based on an engine’s expansion stroke 
pressure trace affected the process of late fuel 
expulsion by pulling fuel out of the nozzle in 
multiphase form faster. These processes are of 
particular importance as they can contribute 
directly to unburned hydrocarbon emissions 
and/or the formation of deposits inside the 
holes. Starting a second injection from the 
resulting state of the nozzle at the end of the 
original injection resulted in a deformed liquid 
jet tip without the classic mushroom shape and 

a temporarily lower liquid jet penetration [16]. 
Ghobadian et al. have been optimized the EGR 
ratio, biodiesel fuel and operating conditions of 
a four-stroke single-cylinder diesel engine using 
the RSM method. In this study, using the EGR 
system, nitrogen oxide pollutants were reduced 
to a maximum of 63.7% for B10 fuel and 30% 
EGR ratio. Simultaneous use of biodiesel fuel 
and EGR system also reduces CO emissions at 

different engine speeds [17]. 
Farajollahi et al. have been investigated the 
effect of the creation of swirly flow and the 
needle lift profile change on the behavior of the 
diesel fuel spray. The numerical results show 
that the conical nozzle hole has a longer 
penetration length than the cylindrical nozzle 
hole, but Sauter means the diameter of these 
two nozzles is almost the same. Also, these new 
nozzles have more spray cone angle and less 
penetration length and Sauter mean diameter 

than simple nozzles [18]. 
A review of previous articles shows that many 
studies have been done on the effect of different 
parameters on the performance and pollution of 
the combustion chamber, but so far the effect of 
simultaneous use of different nozzle geometries 
(converged & diverged conical) with different 
needle lift profiles and heat transfer study for 
injector multiphase flow, spray structure with 
indicated quantities on the performance and 
emission of soot, nitrogen oxide & carbon 
monoxide in the combustion chamber has not 
been done, which is in fact the main goal and 
innovation of the present article. 
 
2) Injector - Spray simulation 
The Eulerian-Eulerian model has been applied 
for simulating the multiphase flow inside the 
injector. The Eulerian-Lagrangian model has 
been employed to model the resultant spray. In 
this work, CRI1 diesel injector produced by 
Bosch companies, having five holes placed at 
equal spaces from each other, is used for 
modeling and simulation. The geometry of 
injector, created using CATIA software. In order 
to increase the accuracy and reduce the 
computation time, due to the symmetrical 
geometry of the injector, only 1/5 of cylindrical 
and convergent conical nozzle hole are 
simulated using AVL-Fire CFD code. 
 
2.1) Governing equations  
The governing equations are mass, momentum 
conservation, Energy, turbulence kinetic energy 
& dissipation rate [19].  
Mass: 

1,

. , k=1,...,N
N

k k

k k k kl

l k l

v
t

 
 

 


  




 
(1) 

In the above equation, ∝k is the volume fraction 
of the phase k, vk represents the velocity of 

phase k, and Γ
kl

denotes the interfacial mass 
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exchange between the two phases of k and l.  
Furthermore, the convergence condition should 
satisfied [19]: 

1
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Momentum: 
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(3) 

In the above equation, f is the vector of 
volumetric force consisting of gravity and 

inertia forces, 𝜏 is the shear stress vector, 𝑇𝑡 
represents the Reynolds stress vector, M is the 
momentum exchange between two phases, and 
p denotes the static pressure [19].  
Turbulence kinetic energy: 
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Turbulence Dissipation Rate: 
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Total Enthalpy Conservation: 
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(6) 

 

qk′′′ is the enthalpy volumetric source, Hkl 
represents the energy interfacial exchange 
between phases k and l. 
 
2.2) Quantities Exchange 
Three other equations (mass, momentum & 
enthalpy interfacial exchange) must be 
considered.  
 
2.2.1) Mass exchange  
The mass exchange between two phases is 
modeled using the nonlinear cavitation model 
[19]. The governing equation is as follows: 

''' 24c d dN R R      (7) 
 𝑁′′′& R are numerical bubble density and 
bubble radius respectively. The bubble radius 
varying with time is obtained using the Rayleigh 
Equation as follows: 

2
( )

3 c

p
R RR




 

 

(8) 

In equation (6), Δ𝑝 denotes the effective 
pressure difference and 𝜌𝑐  represents the 
continuous phase density. Given the assumed 
linear descending ramp, the numerical bubble 
density is determined as follows: 

'''

0
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0

0.5
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(9) 

Initial numerical bubble density(𝑁0
′′′), depends 

on the liquid phase properties and equals to 
1012 for conventional diesel fuel [19]. 

 
2.2.2) Momentum exchange  
The implemented interfacial momentum source 
includes the drag and turbulent dispersion 
forces:   

'''1

8
c D c i r r TD c c d dM C A v v C k M      

 
(10) 

Here, CD is the drag coefficient, vr, denotes the 
relative velocity between two phases, CTD 
represents the turbulent dispersion coefficient. 
Moreover, 𝐴′′′ denotes the density of interfacial 
area for the droplet and is calculated as follows 
[19]: 

1 2

''' 2 3 3''' (36 ''')i b dA D N N   
 

(11) 

The drag coefficient force is a function of the 
bubble Reynolds number [19]: 

0.75192
(1 0.1Re )Re 1000

Re
Re 1000

0.438

b b

bD

b

C


  

  
 

  

(12) 

 
2.2.3) Enthalpy exchange  
The Ranz-Marshall heat exchange coefficient is 
based, as the name says, on the Ranz-Marshall 
correlation for the Nusselt number, Nu: 

11

322 0.6Re PrbNu  
 

(13) 

Where Reb is the local bubble Reynolds Number, 
and Pr is the Prandtl number. This model 
should be also used when the Ranz-Marshall 
correlation is employed in the calculation of 
mass exchange (boiling). The heat transfer rate 
becomes: 
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''' ( )c

c i d c d
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k
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(14) 

Where kc is the conductivity of the continuous 
phase (assumed to be liquid), and Dd is the 
dispersed phase (bubble/droplet) diameter. Ai′′ 
is the interfacial area density defined as: 

''' 6 d

i

d

A
D




 
(15) 

By given bubble/droplet diameter, Dd. 
As said, the Eulerian–Lagrangian model has 
been applied for simulating the resultant spray. 
Momentum conservation equation has been 
used on a single droplet in a non-conservation 
form is: 

id

d idr ig ip ib

du
m F F F F

dt
   

 
(16) 

Where, Fidr is the drag force and equals to the 
following [20]: 

1
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(18) 

The acceleration of the droplet in a gaseous 
medium is as follows: 

3 1
( ) (1 )
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(19) 

 
3) CFD Model 
Injector different parts naming are shown in 
Figure 2. To consider the effect of nozzle hole 
geometry on the heat transfer, indicated 
quantities of diesel engine, the cylindrical 
nozzle hole is replaced with convergent and 
divergent conical nozzle as shown in Figure 3. 
Injector needle are shown in Figure 4. The 
geometry of the injector, created by AVL-Fire 
software, and the meshing of this geometry is 
performed using AVL-Fire software and shown 
in Figure 5. The impact of mesh size on the 
outlet mass flow rate and mean velocity of the 
fuel spray is studied to consider the grid study 
of the solution. The outlet mass flow rate & 
mean velocity from the injector nozzle becomes 
relatively stable at 76000 cells for cylindrical 
and conical nozzle holes. In this work, 
conventional diesel used as the liquid fuel and 
its properties are given in this refrence [21]. 
 

 
Figure 2: Injector Different Parts Naming 

 

  
 

Cylindrical 
Diverged 
Conical 

Converged 
Conical 

Din=0.13 Din=0.117 Din=0.143 mm 
Dout=0.13 Dout=0.13 mm Dout=0.13mm 
L=0.7 mm L=0.7 mm L=0.7 mm 

r=2 𝜇𝑚 r=2 𝜇𝑚 r=10 𝜇𝑚 

Figure 3: Injector Different Nozzle Geometries and 
Dimensions [12]  

 

 

Figure 4: Injector needle 
 

 
Figure 5: injector & spray mesh, (e) spray box mesh, 

nozzle and mini sac interface  

 
Needle movement is corresponding with the 18 
degree (0.8 ms) of the crank angle as shown in 
Figure 6 for different needle movement where 
lift-1 (triangular) is the base needle lift. Profiles 
2 and 3 to investigate the effect of changing the 
slope of the needle displacement diagram at the 
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time of opening and closing and also the effect 
of injector needle opening time on the liquid 
fuel flow behavior inside the injector, mass flow 
rate from the nozzle, cavitation and 
hydrodynamic behavior of the fuel nozzle 
Diesels have been selected. The k-zeta-f 
turbulence model is utilized in simulation. The 
initial and boundary conditions for simulation 
of the injector are shown in Table 1 & Figure 7. 
In order of coupling the pressure and velocity 
fields, the SIMPLE algorithm has been 
employed. Spray simulation sub-model, Spray 
Break up simulation sub-models and nozzle 
sub-models are presented in table 2_4. 

 
Figure 6: Injector needle movement versus crank 

angle for different profiles [12] 

 

 
Figure 7: Injector Different Boundary Conditions 

[15] 
 
 
 
 
 
 

Table 1: Initial and boundary conditions of the flow 
inside the injector [12] 

I.C.  B.C.  
Pressure 13

50 
bar 

Inlet Injection 
pressure 

1350 bar 

 
Temperat
ure 

 
31
3 K 

Outl
et 

Outlet 
pressure 

10 bar 

Inlet Injection 
temperature 

313 K 

Wall Nozzle Adiabatic  

 
Table 2: Spray simulation sub-models [20] 

Turbulent dispersion model Enable 
Particle interaction model O-Rourke 

Wall interaction model Disable 
Evaporation model Dukowicz 

E1 1 
E2 1 

 
Table 3: Spray Break up simulation sub-models [20] 

Break up model Wave 
Model Constant C1 0.61 

C2 20 
C3 1 
C4 0 
C5 0 
C6 0 
C7 0 
C8 0 

 
Table 4: Nozzle sub-models [19] 

Radial perturbation Disable 
Nozzle flow simulation Disable 

Boost hydraulics 
interface 

Disable 

Primary break up Blob 
injection 

Model Constant C1 0.61 
C2 12 
C3 2 
C4 10 
C5 1 
C6 0.3 
C7 0.03 
C8 10 
C8 0.188 
C8 1 
C8 1 

 
4( Validation – Spray Results 
The spray penetration length and Sauter mean 
diameter numerical data related to the 
cylindrical and convergent conical nozzle holes 
are compared to the existing experimental data 
[23] in order to consider the accuracy of the 

Crank angle (deg)

N
ee

d
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(m
m
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0.04

0.06

0.08

0.1

0.12

0.14

lift 0

lift 1

lift 2



R. Firuzi et al, The Journal of Engine Research, Vol. 65 (Winter 2022), pp. 21-41 28 
 

  

numerical results obtained from simulating the 
injector and resulting spray. A good agreement 
is found between the results of present study 
and experimental data, as shown in Figure 8. 
  

 
(a) 

 
(b) 

Figure 8: Validation of spray numerical results [23], 
(a) spray tip penetration length, (b) sauter mean 

diameter 

 
5( Discussion on Results (Injector - Spray) 
The plot of liquid volume fraction for different 
nozzle holes geometries and different needle 
movement profiles is displayed in Figure 9. 
According to this diagram, cavitation 
phenomenon has occurred in different 
geometries and profiles with different 
intensities and changing the needle 
displacement profile in different nozzle hole 
geometries has played an important role on the 
intensity of this phenomenon. The convergent 
conical nozzle hole has a larger diameter and 
radius of the input curve than the holes of the 
divergent cylindrical and conical nozzles, and 
therefore cavitation occurs with less intensity in 
the same displacement profile. Increasing the 
diameter and radius of the inlet hole of the 
nozzle leads to a decrease in pressure drop 
inside the nozzle hole and therefore cavitation 

occurs with less intensity in this case. Due to the 
uniform radius of the inlet curve of cylindrical 
and divergent conical nozzles, reducing the inlet 
diameter of the divergent conical nozzle leads 
to an increase in the occurrence of cavitation 
and a decrease in the volume fraction of the 
liquid phase compared to other geometries. 
Another parameter that affects the intensity of 
cavitation is the needle displacement profile. 
According to Figure 9, the volume fraction of the 
liquid phase at the end time of spraying the lift 
profile 3 with different nozzle holes geometries 
is more than the lift 2 profile with different 
nozzle holes geometries. By increasing the slope 
of the needle displacement diagram at the 
moment of its closure, the amount of fluid flow 
pressure inside the nozzle increases relatively 
slightly and the pressure drop decreases. 
Therefore, in this case, cavitation occurs with 
less intensity and the volume fraction of the 
liquid phase increases. Also, reducing the slope 
of the displacement diagram of the lift 3 profile 
in the initial moments of its closure has led to 
an increase in the pressure drop inside the 
nozzle hole and as a result, the volume fraction 
of the liquid phase has decreased. 

 
Figure 9: Liquid Volume Fraction during injection 
process for various nozzle holes geometries and 

different needle lifts 

 
In order to investigate the simultaneous effect 
of changing the geometry and needle 
displacement profile on the hydrodynamic 
behavior of the fuel nozzle, compare the 
penetration length and average particle 
diameter, which are the most important 
characteristics of the fuel nozzle, and on the 
performance of the marine diesel engine. 
Production capacity, pollutants and specific fuel 
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consumption are influential, paid for in each 
section. Figure 10 shows the diagram of the 
average nozzle output velocity and diagram of 
the mass flow rate of the output in each case. 
Divergent cylindrical and conical cylinders have 
higher average output speeds. The reason for 
this is that the diameter and radius of the inlet 
curve of the converging conical nozzle hole are 
larger than the other two holes. By increasing 
the diameter and radius of the inlet curve of the 
nozzle hole, the amount of friction losses inside 
it decreases and therefore the average output 
velocity increases. Also, increasing the velocity 
at the nozzle output leads to increasing the 
output mass flow. The convergent conical 
nozzle has a higher output mass flow than the 
other modes. In the case of changing the needle 
displacement profile, due to the fact that the lift 
2 and lift 3 profiles have a greater slope in the 
opening and closing moments than the base 1 
profile, so the friction losses within it. 
 

 
(a) 

 
(b) 

Figure 10: (a) Average velocity at nozzle outlet & (b) 
Outlet mass flow rate for various nozzle holes 

geometries and different needle lifts 

 Decreased and the average velocity of the 
nozzle output increases, which has led to an 
increase in the mass flow rate of the nozzle 
output. Also, in the new displacement profiles, 
the openness of the injector needle has 
increased compared to the base state, which has 
resulted in an increase in the mass flow rate of 
the nozzle output. The results for the discharge 
coefficient during the fuel injection time for 
each case are shown in Figure 11. In the injector 
nozzle, the discharge coefficient is a 
dimensionless parameter which is expressed as 
the ratio of numerical mass flow rate to 
maximum theoretical mass flow rate: 
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The velocity coefficient is expressed as the ratio 
of the numerical mean velocity to the maximum 
velocity of Bernoulli theory: 
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In the above equations, Ao is the cross section of 
the nozzle outlet, ρl is the density of the liquid 
fuel and ∆p is the pressure difference between 
the inlet and outlet of the injector. 
According to this figure, with increasing the 
intensity of cavitation and its development to 
the nozzle output, the discharge coefficient 
decreases and with decreasing the intensity of 
this phenomenon and less development or 
development of steam bubbles formed to the 
nozzle output, the discharge coefficient 
increases. Find. In fact, the occurrence and 
development of cavitation up to the nozzle 
output leads to a decrease in the cross-sectional 
area of the nozzle output and the intensity of 
cavitation has a significant effect on the value of 
this coefficient. 
Figure 12 shows the results related to the 
penetration length and droplet diameter of the 
diesel fuel fountain in each case. Due to this 
shape, in the case of the same needle 
displacement profile, the convergent conical 
nozzle hole has a longer penetration length than 
other geometries, which is due to the increase 
in the average nozzle output speed due to the 
larger diameter and radius of the injector nozzle 
inlet curve. And reduce friction losses. By 
changing the needle displacement profile and 
increasing the slope of the diagram at the 
moment of opening and closing and increasing 
the opening time of the injector needle, due to 
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the reduction of friction losses inside the nozzle 
hole, the average output velocity increased and 
as a result the penetration length of the 
resulting fountain increased.  
 

 
(a) 

 
(b) 

Figure 11: (a) Discharge coefficient and (b) velocity 
coefficient for various nozzle holes geometries and 

different needle lifts 

 
The results for the amount of mass sprayed and 
evaporated into the combustion chamber are 
shown in Figure 13. The average particle 
diameter sizes for the three convergent, 
divergent, and cylindrical conical nozzle holes 
are approximately equal. Cavitation occurs in 
the holes of divergent cylindrical and conical 
nozzles and in the convergent cone holes the 
increase in the average velocity of the nozzle 
leads to the improvement of the fuel jet collapse 
and finally the average particle diameter size is 
reduced. As the average velocity at the nozzle 
outlet increases, the relative velocity between 
the nozzle particles and the dense air inside the 
combustion chamber increases, resulting in an 

increase in the drag aerodynamic force leading 
to the collapse of the fuel nozzle and a decrease 
in the average particle diameter. In the case of 
changing the needle displacement profile, due 
to the increase in the average velocity at the 
nozzle outlet, the aerodynamic force increases 
and as a result, the collapse of the fountain 
occurs with more intensity and leads to a 
further decrease in the average particle 
diameter size compared to the same profile. As 
the nozzle output mass flow rate increases due 
to the change in the needle displacement 
profile, the amount of mass sprayed into the 
combustion chamber increases. Also, with the 
increase of the sprayed mass inside the 
combustion chamber, the amount of evaporated 
mass also increased and as a result, the average 
diameter of the particles also decreased more in 
this case. The results related to the calculated 
fountain structure inside the constant volume 
cylindrical combustion chamber in each case at 
the end time of the spray are given in Figure 19. 
 

 
(a) 

 
(b) 

Figure 12: (a) Spray penetration length & (b) Sauter 
mean diameter (SMD) for various nozzle holes 

geometries and different needle lifts 
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(a) 

 
(b) 

Figure 13: (a) liquid mass injected & (b) liquid mass 
evaporated for various nozzle holes geometries and 

different needle lifts 

 
Flow streamline inside the injector nozzle for 
various nozzle holes geometries and different 
needle lifts presented in Figure 14. Vapor fuel 
volume fraction distribution inside nozzle and 
spray structure for various nozzle holes 
geometries and different needle lifts presented 
in Figures 15-16. 
Mean temperature & Mean pressure inside the 
injector during the injection process are 
presented in Figures 17-19. 
 
 
 
 
 
 
 
 
 
 
 

 

0.8 ms Case number 

 

1-Cylinderical 

profile 1 

 

2-Converged conical 

Profile 1 

 

3-Diverged conical 

Profile 1 

 

4-Converged conical 

Profile 2 

 

5-Diverged conical 

 Profile 2 

 

6-Converged conical  

Profile 3 

 

7-Diverged conical 

 Profile 3 

Figure 14: Flow streamline inside the injector nozzle 
for various nozzle holes geometries and different 

needle lifts 
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0.8 ms  

 

Cylinderical  

lift 0 

 

Converged conical 

 lift 0 

 

Diverged conical  

lift 0 

 

Converged conical 

 lift 1 

 

Diverged conical 

 lift 1 

 

Converged conical  

lift 2 

 

Diverged conical 

 lift 2 

Figure 15: Vapor fuel volume fraction distribution 
inside nozzle for various nozzle holes geometries 

and different needle lifts 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

0.8 ms  

 

Cylinderical  
lift 0 

 

Converged conical lift 
0 

 

Diverged conical 
 lift 0 

 

Converged conical lift 
1 

 

Diverged conical  
lift 1 

 

Converged conical lift 
2 

 

Diverged  conical 
 lift 2 

Figure 16: Spray structure inside the combustion 
chamber for various nozzle holes geometries and 

different needle lifts 

 
 

  
(a) (b) 

 
Figure 17: Relative Pressure Contours simple nozzle 

(start & end of injection) 
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(a) (b) (c) 

 
Figure 18: Temperature distribution inside nozzle 
for various nozzle holes geometries and different 

needle movement profiles (a)-(c) cylindrical nozzle 
@ start-center & end time of injection 

 
6( Engine Simulations 
The Eulerian- Lagrangian model is applied to 
simulate the engine cycle. A diesel engine with 
its conventional injector is simulated in order to 
study the effect of nozzle hole geometry change 
and swirly flow creation inside the injector 
nozzle on the efficiency, performance and 
pollution of diesel engine. AVL-Fire software is 
utilized for the three-dimensional modeling.  
 

6.1) Governing equations  
The governing equations are conservation of 
mass, momentum, and energy. In these types of 
diesel engines, several terms are added to the 
mass, momentum, and energy conservation 
relationships due to the injection of fuel spray 
inside the cylinder [24].  
Mass conservation equation: 

 i m
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t x
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Where, Sm represents the generation of mass 
due to the evaporation of fuel spray droplets 
[24]. 
Momentum conservation equation (Navier-
Stokes Equation): 
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𝐹𝑣,𝑖 presenting volume forces, 𝐹𝑝,𝑖  mostly represents 

the pressure force in the multiphase flow, and 𝜏𝑖𝑗  

represents the shear stress [24]: 
Energy conservation equation: 
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In the above relationship, h is the enthalpy, e is 

the internal energy per unit mass, and q is the 
heat flux along i due to temperature gradient. Sh 
is the energy generated due to the evaporation 
of spray droplets. 
 
6.2) Engine CFD Model 
6.2.1) Combustion - Emission 
Diesel engine geometry creation and meshing 
are performed using the ESE Diesel module. The 
specifications of the diesel engine and its spray 
and the properties of the air inside the cylinder 
at the start of compression process are 
extracted from refrence [12]. Boundary 
conditions in engine simulation presented in 
table 5. 

 
Table 5: Boundary conditions in engine simulation 

[12] 
Boundary Condition Value 

Cylinder head surface temperature 550.15 K 
Wall surface temperature 475.15 K  

Piston surface temperature 575.15 K 

 
Models used in engine combustion & pollution 
simulation are presented here: 

 
Table 6: Model used in engine combustion & 

pollution simulation [12] 
Pressure-Velocity coupling Simple-Piso 

Combustion  ECFM-3Z 
Turbulence k-zeta-f 

Primary Break up viscous droplet 
Secondary Break up standard wave 

Evaporation Dukowicz 
Wall interaction Wall Jet-1 

laminar flame speed Metghalchi and Keck 
NO formation Extended Zeldovich 

Soot formation & Oxidation Kennedy/Hiroyasu/M
agnussen 

 
Due to engine symmetric geometry, only 1/6 of 
the geometry is simulated in order to reduce the 
computation time and price. The simulation 
begins at the closure of the air intake valve 
(IVC) and ends at the opening of the exhaust 
valve (EVO). It is worth mentioning that this 
mesh has 67564 cells in TDC as shown in Figure 
19. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 19: Engine grid, (a) 2D blocking structure, (b) 
2D moving mesh, (c) 3D mesh @ TDC and (d) 3D 

mesh @ BDC 

 
6.3) Validation - Engine Results 
The numerical results are compared to 
experimental data in order to determine their 
accuracy. Figure 20 shows a plot of the mean 
pressure inside the combustion chamber and 
the rate of heat released versus crank angle for 
the simulated model and reference [25]. As seen 
in this figure, a very good agreement exists 
between them. 
 
 

6.4) Engine with different needle lift and 
geometries 
Engine is simulated with various other injector 
nozzle holes geometries, using the file stored 
from the injector simulation. It is worth noting 
that the engine parameters such as rotational 
speed, fuel injection start time (SOI), injection 
pressure, compression ratio and geometry are 
constant; however, the injection duration (DOI), 
the injected fuel mass, fuel injection end (EOI) 
time and spray characteristics are variable due  
 

 
(a) 

 
(b) 

Figure 20: Validation of the numerical results of 
engine simulation using empirical and numerical 

results, (a) mean pressure & (b) rate of heat released 
inside the combustion chamber [25] 

 
to various nozzle hole geometries & different 
needle movement profiles. 
 
6.5) Discussion (combustion – emission)  
Convergent conical nozzle hole has the highest 
injected fuel mass. Figure 21 displays the effects 
of different nozzle holes geometries on the 
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mean pressure and temperature inside the ICE 
cylinder, respectively. Since all the conditions at 
the beginning of compression and the engine 
geometry are identical for all cases, the injected 
fuel mass and the combustion efficiency are the 
factors causing difference in maximum mean 
pressure and temperature at different cases. A 
rise in the combustion efficiency improves the 
knock rating, resulting in higher mean 
temperature and pressure inside the 
combustion chamber. Moreover, a larger fuel 
mass injected into the engine chamber is 
equivalent to more energy, also leading to 
larger equivalence ratio, temperature and 
pressure inside the combustion chamber. This 
corresponds to a better combustion behavior in 
this geometry compared to others due to better 
spray characteristics. The indicated power, 
torque, and specific fuel consumption (SFC) for 
one working cycle of the engine are shown for 
various nozzle holes geometries and different 
needle movement profiles in Table 7. It can be 
concluded from comparing the numerical 
results that the engine performance improves 
by changing the nozzle holes geometry from 
cylindrical to convergent and changing needle 
lift. Numerical results show that converged 
conical with trapezius needle lift profile has 
better engine performance, efficiencies and low 
NO pollution. Although, diverged conical with 
trapezius needle lift profile has lower CO 
pollution. Fuel consumption decreases by 
18.5% and its power and torque increase 64%. 
Also in this case, carbon monoxide pollutants 
decrease by 14% and nitrogen oxide pollutants 
decreasing by 10% for optimum status. In this 
case, indicated and mechanical efficiencies are 
increasing 22% and 41.5% respectively. General 
engine emission results for various cases at 
engine EVO are shown in table 8. Diverged 
conical with triangular needle lift profile has 
worst engine performance, efficiencies and 
higher NO pollution. Although, converged 
conical with triangular needle lift profile has 
higher CO pollution. Fuel consumption 
increases by 2.75% and its power and torque 
decreasing 10.5 and 8.5%. Also in this case, 
carbon monoxide pollutants increases by10% 
and nitrogen oxide pollutants increases by 6%. 
In this case, indicated and mechanical 
efficiencies are decreasing 3.7% and 10.41% 
respectively. Figure 22 shows the nitrogen 
oxide & CO emission versus crank angle for 
various states. Figure 23 displays the amount of 

soot emission & non- reactive equivalence ratio 
versus crank angle in various states. As shown 
in this figure, the soot is well oxidized and 
eliminated at the end of the combustion process 
for all injector nozzle hole geometries.  

 
(a) 

 
(b) 

Figure 21: In cylinder mean pressure (a) & Mean 
temperature (b) different geometry and needle 

movement profiles 

 
Table 7: General engine indicated quantities for 

various cases 

Case 
Number 

Indicated 
power 
(KW) 

Indicated 
torque 
(Nm) 

SFC(Kg/KW-
h) 

1 1.92 11.47 0.3166 
2 2.1 12.56 0.3073 
3 1.75 10.47 0.3254 
4 3.16 18.85 0.2575 
5 2.52 15.03 0.2757 
6 3.01 17.96 0.2626 
7 2.36 14.11 0.2835 
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Table 8: General engine emission results for various 
cases at engine output 

Case Number NO (g/kg-fuel) CO (g/kg-fuel) 
1 0.66 100 
2 0.68 110 
3 0.70 93.5 
4 0.62 93.2 
5 0.70 85.9 
6 0.62 93.5 
7 0.70 88.1 

 
(a) 

 
(b) 

Figure 22: NO mass fraction (a) & CO mass fraction 
(b) for different geometry and different needle 

movement profiles 

 
Also, indicated & mechanical efficiency & Air-
fuel, Excess air ratio & Injected fuel mass for 
different geometry & needle movement profiles 
are presented in table 9-10. 
Figure 24 shows the two-dimensional contours 
of temperature distribution inside the cylinder. 
As shown, combustion begins from the center 

and gradually moves toward the cylinder wall. 
temperature locations and soot forms mostly in 
low-temperature locations. These two 
pollutants show opposite behavior, and with a 
decrease in one, the other increases. 

 
(a) 

 
(b) 

Figure 23: Soot mass fraction (a) & equivalence ratio 
(b) for different geometry and different needle 

movement profiles 

 
Table 9: Indicated & Mechanical efficiency for 

different geometry & needle movement profiles 
Case 

Number 
Indicated 

efficiency (%) 
Mechanical 

efficiency (%) 

1 27 48 

2 28 52 

3 26 43 

4 33 68 

5 31 60 

6 32 67 

7 30 58 

 
 
 
 
 



R. Firuzi et al, The Journal of Engine Research, Vol. 65 (Winter 2022), pp. 21-41 37 
 

  

 Table 10: Air-fuel, Excess air ratio & Injected fuel 
mass for different geometry & needle movement 

profiles 
Case 

Number 
Air-fuel 
ratio (-) 

Excess air 
ratio (-) 

Injected fuel 
mass (m-gr) 

1 392.87 27.25 127 
2 369.7 25.64 13.5 
3 418.81 29.05 11.9 
4 294.05 20.4 16.9 
5 344.34 23.88 14.5 
6 302.55 20.98 16.5 
7 356.8 24.75 14 

 

TDC 

 

30°ATDC Case number 

 

1-Cylinderical  

profile 1 

 

2-Converged 
conical 

 Profile 1 

 

3-Diverged 
conical  

Profile 1 

 

4-Converged 
conical 

 Profile 2 
30°ATDC 

 

 

 

5-Diverged 
conical 

 Profile 2 

 

6-Converged 
conical  

Profile 3 

 

7-Diverged 
conical 

 Profile 3 

Figure 24: Temperature distribution inside the 
cylinder at two different angles (30° ATDC) 

 
 

Figs. 25 and 26 display two-dimensional 
contours of nitrogen oxide and soot mass 
fraction, respectively. As seen in these figures, 
nitrogen oxide forms mostly in high- 
 

TDC 

 

30°ATDC Case number 

 

1-Cylinderical  

profile 1 

 

2-Converged 
conical 

 Profile 1 

 

3-Diverged 
conical  

Profile 1 

 

4-Converged 
conical 

 Profile 2 30°ATDC 

 

 

5-Diverged 
conical 

 Profile 2 

 

6-Converged 
conical  

Profile 3 

 

7-Diverged 
conical 

 Profile 3 

Figure 25: Distribution of nitrogen oxide mass 
fraction inside the cylinder at two different angles 

(30° ATDC) 
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TDC 

 

30°ATDC Case number 

 

1-Cylinderical  

profile 1 

 

2-Converged 
conical 

 Profile 1 

 

3-Diverged 
conical  

Profile 1 

 

4-Converged 
conical 

 Profile 2 

30°ATDC 

 

 

 

5-Diverged 
conical 

 Profile 2 

 

6-Converged 
conical  

Profile 3 

 

7-Diverged 
conical 

 Profile 3 

Figure 26: Distribution of soot mass fraction inside 
the cylinder at two different angles (30° ATDC) 

 
Although carbon monoxide is generated during 
combustion process for rich mixtures, but a 
small part of carbon monoxide is also released 
under lean conditions. Figure 27 shows the two-
dimensional contours of CO distribution inside 
the cylinder for two different crank angles. 
 
 
 
 
 
 
 

TDC 

 

30°ATDC Case number 

 

1-Cylinderical  

profile 1 

 

2-Converged 
conical 

 Profile 1 

 

3-Diverged conical  

Profile 1 

 

4-Converged 
conical 

 Profile 2 
30°ATDC 

 

 

 

 

5-Diverged conical 

 Profile 2 

 

6-Converged 
conical  

Profile 3 

 

7-Diverged conical 

 Profile 3 

Figure 27: Distribution of CO mass fraction inside the 
cylinder at two different angles (30° ATDC) 

 
7( Conclusion  
In the present paper, the effect of using 
Different Orifice Geometries & Needle Lifts 
profiles on transient heat-mass transfer and 
Combustion Indicated Quantities & Air Pollutant 
Species has been investigated in Marine 
Propulsion System Fuel Injectors using AVL-
Fire CFD code. The effect of each of the 
proposed geometry and needle movement 
profiles by numerical model in AVL Fire 
software, which has been validated with 
experimental data in each part, on the 
performance & Air Pollutant Species of the 
Marine Propulsion System has been 
investigated. Numerical results show that 



R. Firuzi et al, The Journal of Engine Research, Vol. 65 (Winter 2022), pp. 21-41 39 
 

  

converged conical with trapezius needle lift 
profile has better engine performance, 
efficiencies and low NO pollution. Although, 
diverged conical with trapezius needle lift 
profile has lower CO pollution. It can be 
concluded from comparing the numerical 
results that the engine performance improves 
by changing the nozzle holes geometry from 
cylindrical to convergent and changing needle 
lift. Numerical results show that converged 
conical with trapezius needle lift profile has 
better engine performance, efficiencies and low 
NO pollution. Although, diverged conical with 
trapezius needle lift profile has lower CO 
pollution. Fuel consumption decreases by 
18.5% and its power and torque increase 64%. 
Also in this case, carbon monoxide pollutants 
decrease by 14% and nitrogen oxide pollutants 
decreasing by 10% for optimum status. In this 
case, indicated and mechanical efficiencies are 
increasing 22% and 41.5% respectively. 
Although, converged conical with triangular 
needle lift profile has higher CO pollution. In 
this case, carbon monoxide pollutants increases 
by10% and nitrogen oxide pollutants increases 
by 6%. In marine diesel engines, the penetration 
length of the sprayed fuel must be proportional 
to the geometry of the combustion chamber in 
order to form a better fuel-air mixture and also 
to prevent it from colliding with the engine wall. 
Because if it hits the piston and the cylinder 
walls, the amount of unburned hydrocarbons 
will increase and the engine efficiency will 
decrease. Also, if the penetration length is 
shorter, a weak fuel-air mixture is formed. 
Therefore, cavitation intensity and nozzle outlet 
velocity play an important role in improving 
fuel atomization phenomenon and controlling 
fuel jet characteristics by simultaneously 
changing the nozzle holes geometry and needle 
displacement profile due to their role on marine 
diesel performance and pollution is important.  
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 چکيده

 

 اطلاعات مقاله

بر انتقال گذرا جرم گرما  يسوزن یمختلف دهانه و بالابرها یهااستفاده از هندسه ریدر مقاله حاضر، تأث
با  یيایمحرکه در ستمیسوخت س یهوا در انژکتورها ندهیآلا یهادهنده احتراق و گونهنشان ریو مقاد

 يهندس یهالیاز پروف کیهر  ریقرار گرفته است. تأث يمورد بررس AVL-Fire CFDاستفاده از کد 
 لهیوسبه یبعدمش متحرک سه کی( با کمک یاو چکمه یاذوزنقه ،يو حرکت سوزن )مثلث یشنهادیپ

 یشده است، بر رو دییدر هر قسمت تأ يشیآزما یهاکه با داده AVL Fireافزار در نرم یمدل عدد
شده است.  يبررس ANALYZERماژول  وسطت یيایدر شرانیپ ستمیهوا س ندهیآلا یعملکرد و گونه ها

عملکرد موتور،  یذوزنقه ا يبالابر سوزن لیهمگرا با پروف يدهد که مخروط ينشان م یعدد جینتا
 يآلودگ یذوزنقه دارا يبالابر سوزن لیواگرا با پروف يدارد. اگرچه، مخروطرا  NOکمتر  يراندمان و آلودگ

CO شیدرصد افزا 64و قدرت و گشتاور آن  ابدی يدرصد کاهش م 18.5است. مصرف سوخت  یکمتر 
 تروژنین دیاکس یهاندهیدرصد و آلا 14کربن  دیمونوکس یهاندهیحالت آلا نیدر ا نی. همچنابدی يم

حالت راندمان نشان داده شده و بازده  نی. در ادیبه دست آ نهیبه تیتا وضع ابندیيدرصد کاهش م 10
 .ابدیيم شیافزا %41.5و  %22 بیبه ترت يکیمکان
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