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Abstract: Changing the injector orifice geometry has major impact 

on diesel engine performance. In this study, the geometry of the 

injector outlet is changed from circular to annular, and the effect of 

different injection functions on the performance of the diesel 

engine is investigated. The results are compared with the results of 

the Kubota 3300 engine. Numerical simulations are conducted by 

using AVL Fire commercial code. The results show that the annular 

injector provides a better fuel distribution inside the combustion 

chamber of the engine by increasing the fuel angle. The use of 

changing fuel injection rates in the annular injector also improves 

engine performance. The best performance is observed for the 

constant-increasing function, and the specific fuel consumption 

value reached 0.1865. By applying new injection functions as well 

as by using the new presented annular injector, power also 

increases. As an instance, for a constant-increasing function (fourth 

function), despite a decrease in the amount of fuel injection per 

engine cycle by 8.8%, power increases by 13.6% and 13.5% 

respectively. While NO pollutant increases slightly by changing the 

type of the injector and by using spray functions, the soot produced 

at the beginning of the combustion process is well oxidized before 

the end of the power stroke, and its amount reaches less than 2e-6. 
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1. Introduction 
One of the efficient methods in improving engine 

performance and reducing combustion pollutants is 

improving the fuel spray behavior by changing the 

injector geometry and controlling its sprayed mass [1-3]. 

Defining any method and path to achieve performance 

improvement in diesel engines leads to changes in other 

combustion parameters. Thus, the combustion factors and 

the effective pollution should be carefully considered [4-

6]. Using multi-hole injectors improves the performance 

of injectors, because this type of injectors distributes 

droplets finer and more evenly inside the cylinder. The 

use of this type of injectors improves the combustion 

performance of the engine and reduces the amount of the 

produced pollutants. Compared to single-hole injectors, 

the droplets are more evenly distributed inside the 

cylinder, but there are still poor and rich areas in the 

spray of this type of injectors. Many numerical and 

experimental studies have been conducted in this field [7-

10]. When the fuel hits the combustion chamber surface 

at high speeds, the distribution of fuel in the combustion 

chamber and mixing with the air will be weakened, 

which reduces the amount of air infiltrated into the fuel 

spray. This increases the soot. Optimal mode for 

combustion process design is a mode, in which both the 

amount of fuel spray evaporation and its penetration 

depth are desirable. For this reason, the diameter of the 

injector hole is also a key parameter in the performance 

of the diesel engine. Large diameters increase the 

diameter of the droplets as well as the penetration length, 

while small diameters reduce sprayed mass and 

penetration length [11-12]. The use of square, triangular, 

elliptical, and rectangular sections at high pressures for 

fuel spraying has been considered in recent years. The 

results show that flat injectors (elliptical and rectangular) 

have better spray angle, and fuel is powdered faster in 

them [13-16]. The annular section geometry also has a 

flat fuel outlet, and thus has the characteristics of flat 

non-circular sections. Therefore, annular cross-section 

and its resulting spray have been studied in recent years. 

Migliko et al. [17] investigated the behavior of fuel 

sprayed from annular injectors at very high pressures. 

Based on their results, the spray from annular injector has 

high spray angle and low penetration length, which can 

be used to inject large amount of fuel in a short time. 

Jeon et al. [18] investigated the effects of ambient density 

on initial flow failure and size distribution of droplets 

sprayed from circular sections. Based on the results of 

their work, increasing the ambient density reduces 

decomposition length of the liquid film, though with 

increasing initial flow turbulence, the effects are 

negligible. Size of the spray droplets decreases in the area 

near the nozzle as the density of the medium increases, 

but the reverse trend is observed downstream because the 

atomization of the spray at high density of the medium 

ends faster. Gao et al. [14] investigated the effect of fuel 

temperature and ambient pressure and temperature on 

droplets generated from gasoline by annular injectors. 

Their results show that while Thesauter mean diameter 

(SMD) was found to be increased with increasing 

ambient pressure and fuel injection time, it decreased 

with increasing fuel temperature. Du et al. [20] 

investigated effects of charge gas temperature, gas 

pressure, and fuel type on liquid penetration length and 

cone angle of an annular spray from a piezoelectric 

injector. They found that density, specific heat, surface 

tension, and vaporization heat are the most influential 

physical properties on spray penetration. Wu et al. [21] 

experimentally studied influence of ambient pressure on 

spray characteristics of a self-pressurized injector. They 

observed a distinct flash-boiling induced vortex-ring 

inside the spray together with rapid evaporation, which 

improved the spray dispersion. Gimeno et al. [22] 

experimentally investigated the effect of varying co-flow 

conditions, fuel mass flow rate, and fuel type on both the 

flame lift-off height and soot formation. The fuels were 

injected through an annular spray injector. The 

comparison among the fuels used demonstrates that the 

differences in soot formation are mostly related to the 

fuels sooting tendency. Soundararajan et al. [23] studied 

influence of the injection system on combustion 

instabilities on a laboratory-scale combustor equipped 

with annular injector. They used their model combined 

with damping rate estimates to predict oscillation 

amplitudes. With the development of common rail 

injectors and the use of electronic control in them, it was 

possible to create high pressures and different mass 

functions in the injectors. By changing the spray 

pressure, the amount of mass entering the cylinder can be 

changed. Fuel spraying at high pressures generally 

improves the fuel spray behavior. Also the use of 

different spray functions improves spraying performance 

[24-26]. Different fuel mass functions can be used to 

control engine performance [27-28] such as reducing 

NOx and soot pollutants [29]. Different functions are 

applied in different ways [30]. Due to the fact that 

deriving a suitable spray function by experimental 

methods is time consuming and costly, investigating the 

effect of different spray functions by numerical methods 

has been considered by many researchers [31-32]. In 

using different spray functions, spraying is done as single 

or multiple strategies [33-35]. Today, in order to improve 

the performance of gasoline engines, various injection 

functions are used [36-37]. 

To the best of the authors’ knowledge, there have not 

been many researches investigating the annular injectors. 

In the present work, an annular cross-section injector 

with high fuel pressure at the output of the diesel engine 

injector has been used, and different fuel injection 

functions have also been used for this type of injectors. 

Here, it is intended to upgrade the power and improve the 

performance of the diesel engine by changing the injector 

geometry and its fuel mass function. For this purpose, an 

injector with annular outlet section is introduced. This 

type of injector has an outlet orifice with annular cross-

section. The thickness of the cross-section is very small 

compared to the diameter of the circular injectors, which 

causes smaller droplets in fuel spray. Six different spray 

functions are used to change the sprayed mass. The 

simulations have been conducted using AVL Fire 
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commercial code. The model studied and the boundary 

conditions applied are exactly in accordance with the 

operating conditions of the Kubota 3300 diesel engine. 

 

2. Methodology 
Due to the fact that the annular injector outlet is in the 

form of a sheet, a sheet model is used to simulate the 

behavior of the spray inside the cylinder. This represents 

a quasi-experimental model for the primary break-up of 

the injector outlet sheet. This model is used to determine 

the initial conditions of the spray such as sheet thickness, 

break-up velocity and length. Fig.1 shows the model 

schematic, in which the different parts of the injector as 

well as the break-up of fuel sheet and the formation of 

droplets are demonstrated. 

 

 
Fig. 1: Sheet breakup model 

 

In this model, fluid film thickness is calculated as 

[38]: 

 

  *
          ̇

           
 

     

      
+
   

   (1) 

 

  
           

    
      (2) 

 

Since h, x are found from equations (1) and (2), an 

iterative method is used to calculate the thickness. 

The    velocity coefficient is defined as follows [39]: 
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The Clark-Dukowicz relationship is used to calculate 

the break-up length of the fluid sheet [39]. 
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On the flame front, which is a turbulent flow, 

reactants (fuel and oxidizer) have the same turbulence 

intensity that is different from the turbulence intensity of 

combustion reaction products. According to the turbulent 

combustion model, chemical reactions have much shorter 

time scale than the time scale of the turbulence 

transportation process. It can be assumed that the rate of 

combustion is determined by the rate of mixing or 

collision of eddies including reactants and hot products at 

molecular scale. Therefore, the average reaction rate is 

expressed as [40]. 
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The soot model, used in this study, is based on 

Hiroyasu polluting pattern [41]. In this model, two 

physical and chemical processes are used to demonstrate 

the event of oxidation. Particle formation and surface 

growth are functions of fuel in a certain place of the 

combustion chamber and the concentration of soot core 

in that area respectively. In this model, oxidized soot and 

the resulting soot are modeled [41]: 
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Soot formation is calculated as follows [41]: 
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The soot oxidation rate is calculated according to the 

following equation [41]: 
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The reduction rate of the mixture is determined by the 

rate of dissolution and the rate of the local turbulent 

kinetic energy. Nitrogen oxide pattern used in Fire 

commercial code is the Clark-Dukowicz model [42]. This 

pattern is highly temperature dependent and is produced 

by the reaction of nitrogen and oxygen at high 

temperatures. The concentration of nitrogen oxide has 

little effect on the flow, and the reaction time of nitrogen 

oxide is longer than the time interval intended for the 

mixing process and the combustion. Therefore, the 

calculations related to nitrogen oxide formation can be 

separated from the calculations for the main reaction. In 

this model, the multistage chemical reduction based on 

the partial equilibrium of the preliminary reactions is as 

follows: 
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The following general reaction is obtained by multiplying 

the right and left sides of the above equation: 

              (11) 

Hence, the nitrogen oxide formation rate is extracted 

according to the following [42]: 

     

  
                (12) 

The reaction rate is also derived from the following 

relation [42]: 
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3. Modeling 
The investigation of the annular injector behavior under 

different upstream and downstream conditions is 

considered. For this purpose, the flow inside the injector 

must be simulated. The thickness of the injector outlet 

ring is 0.01 mm, which has an orifice length of 0.5 mm, 

ring diameter of 2 mm and nozzle outlet with a cone 

angle of 10°. 

The main specifications and operating conditions of 

the engine used in the current research are given in Table 

1. Geometry of the engine used is the same as that of the 

Kubota 3300 engine, which is a four-stroke direct 

injection diesel engine with natural aspiration. 

 
Table 1: Engine geometry 

Cylinders number 4 

Bore (mm) 98 

Stroke (mm) 110 

Engine volume (L) 3.32 
 

In this study, different injection functions are used to 

inject fuel into the combustion chamber, which causes the 

mass of incoming fuel in each cycle to be in 6 different 

states. The function used for these 6 states is given in Fig. 

2. All functions have 20° of spray, and the first function 

has constant spray rate. This mode is used to compare the 

effect of using functions in annular injectors compared to 

a constant spray rate, and its results will also be used to 

compare the performance of a conventional injector with 

an annular injector. The quasi-triangular function is used 

in the second and third injection functions. This type of 

spraying is widely used in conventional injectors. The 

fourth function first uses constant mass rate and, then, 

starts to decrease it after 5°. The sprayed mass first 

reaches the farthest points of the combustion chamber. 

With the onset of combustion the spraying rate decreases, 

which leads to more mixing. The fifth function uses a 

special form of decreasing-increasing function. The 

initial spraying is supposed to start combustion; then, by 

reducing the spraying rate, the ignited mixture is mixed 

better, and the spraying rate increases. In the sixth 

function, the mass rate is constant first, but after 5° it 

starts to increase. In this function, the aim is to start the 

combustion with a high-oxygen mixture, so that in the 

next step the fuel is well mixed with the air inside the 

cylinder using the turbulence created by the movement of 

the flame front inside the cylinder. However, increasing 

the mass rate, the penetration length that is controlled by 

increasing the initial temperature created by the initial 

combustion increases. 

 
Fig. 2: Mass functions 

 

For solving the governing equations, the 

computational domain is meshed using hexagonal cells. 

Grid independency is discussed afterwards. The type of 

piston crown used in the present work has been slightly 

changed, because the annular injector sprays to the 

central region of the cylinder, but multi-hole injectors 

(used in Kubota engine) perform spraying with a specific 

angle to the cylinder wall. AVL Fire commercial code 

was used, and a quarter of the cylinder chamber was 

modeled and meshed to conduct the simulations. In the 

present work, the type of fuel and its temperature are 

constant. The estimated values for the fuel characteristics 

are given in Table 2. 

 
Table 2: Fuel characteristics 

Density (kg/m3) Dynamic viscosity 

(Ns/m2) 

Temperature (K) 

830 0.00214 293.15 

 

The internal conditions of the cylinder at the 

beginning of compression stroke are considered to be 

constant in all cases. The specifications are given in 

Table 3. 

 
Table 3: Condition of the cylinder at the beginning of the 

compression 
Temperature (K) Pressure (kPa) Air density (kg/m3) 

293 100 1.21 

 

4. Grid Independency 
The results of the solution should be independent of the 

number of the cells. For this purpose, by producing 

meshes with different cell numbers, the suitable cell 

number is selected. The basis of the grid independency is 

the results of the cylinder internal pressure. Four different 

computational cell numbers were used. The pressure 

changes versus the crank angle for different cell numbers 

are shown in Fig. 3. 
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Fig. 3: Pressure variations for different grids 

 

As it can be seen, the pressure variation between the 

third and the fourth cell numbers are very small. 

Therefore, further increase in cells does not show a 

significant change in the results, and meshing with cell 

number 236850 is used. 

 

5. Numerical Method Validation 

Before changing the type of injector in the Kubota engine 

from a conventional multi-hole injector to an annular 

injector, the combustion performance of the Kubota 3300 

engine was simulated with its conventional injector. The 

engine was tested and numerically simulated at 2600rpm 

and a compression ratio of 22.6. Fuel spraying started 20° 

bTDC and was 36 mg per spray. The results obtained for 

power, SFC and production of NO and soot pollutants 

were compared and validated with the experimental 

results of Hassan et al. [43]; the results of numerical 

simulation demonstrated acceptable agreement with their 

results. The results of numerical analysis and 

experimental tests are given in Table 4 for engine 

performance and in Figs. 4, 5 for produced pollutants. 

 
Table 4: Comparison of the numerical and experimental 

results 

Parameter Numerical value Experimental value 

Power (kW) 48.88 47.9 
SFC (kg/kWh) 0.244 0.237 

 
Fig. 4: NO emissions validation 

 
Fig. 5: Soot pollutant validation 

 

6. Results and Discussion 
In this study, the effects of annular injectors as well as 

the effect of different injection functions on engine 

performance are investigated. The numerical results of 

the current research were presented in the form of 

hydrodynamic behavior, fuel spray development pattern, 

and engine performance parameters as well as the amount 

of the emissions produced. In this work, the fuel type, 

compression ratio, and the geometry of the Kubota 3300 

engine were kept as constant. The nozzle type was 

changed from typical six-hole orifice to an orifice with an 

annular cross-section, and the piston crown shape was 

changed accordingly. 

The mass of fuel entering the combustion chamber in 

one cycle for the 6 different functions used for fuel 

injection with the annular injector along with the amount 

of fuel injection in the Kubota engine are given in Fig. 6. 

In all spray functions, fuel started from 20° bTDC for as 

much as 15° of spraying. In order to make comparisons 

with better conditions, it was tried to avoid very different 

fuel mass rates for different functions. The highest mass 

rate was for the fourth function equal to 33.1 mg, and the 

lowest one was for the sixth function, which was 28.8 

mg. 

 

 
Fig. 6: Variations of fuel mass for different injection 

patterns 
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Fig. 7 shows the effect of different spray functions on 

the pressure inside the combustion chamber, while Fig. 8 

demonstrates the temperature in terms of the crankshaft 

angle from 700° to 760°. Since all the initial conditions 

of compression stroke were the same for six functions, 

three factors of combustion efficiency, fuel injection 

function, and the mass of sprayed fuel will cause 

different pressures and temperatures for six functions. 

The higher the combustion efficiency, the better the 

diesel fuel will burn, resulting in an average temperature 

and pressure increase. Moreover, a higher fuel mass leads 

to a higher pressure and temperature inside the 

combustion chamber. As it can be seen in the last two 

aforementioned figures, the pressure and temperature 

behaviors were close to each other. The functions in 

which the fuel mass was initially high at the time of 

injection had a higher growth rate, and the the growth 

trend in the diagrams was directly related to the fuel 

injection rate. The fourth function had the highest 

temperature because the fuel mass rate is the highest in 

this function. The sixth function initially had the lower 

pressure and temperature than other functions, but after 

the maximum point, the sixth function no longer had the 

lowest temperature and pressure, which indicated that 

combustion had occurred with better timing. 

 
Fig. 7: Pressure variations for different injection patterns 

 
Fig. 8: Temperature variations for different injection patterns 

Figs 9, 10 show SFC and power in an engine 

operating cycle. In these diagrams, the experimental 

results for the Kubota 3300 engine with a conventional 

injector are brought together with the numerical results 

for six sprayed mass functions for an annular injector for 

comparison. Since in the experimental test of Kubota 

engine with ordinary injector, a uniform injection 

function was used, first the experimental results were 

compared to the results of the first function. By 

comparing results of the first function with the results 

presented for the conventional injector, it could be 

concluded that by changing the injector from the 

traditional to the annular, performance of the Kubota 

engine was improved because SFC was reduced by 20%. 

Also, by changing the type of injector, power increased 

significantly (taking into account that the sprayed fuel 

mass had decreased). 

 
Fig. 9: SFC variations for different injection functions 

 

Fig. 9 also demonstrates SFC changes for six 

functions under consideration. As it can be seen from the 

figure, the SFC value for all six annular injector functions 

was much lower than that for a conventional injector. It 

can be concluded that the annular injector had improved 

the fuel injection compared to the conventional injector, 

which resulted in improved engine combustion 

performance. Using the spray function improved the 

performance of the annular injector, which could be 

concluded from the fact that SFC value for the five spray 

functions was less than that of the uniform state. Also, 

from the changes of SFC value for different injection 

functions, it can be concluded that fuel injection function 

had great effect on engine performance, which caused a 

5% difference between the SFC value for the first and the 

sixth functions. The third spray function (f3) had a higher 

performance than the second function (f2). That is, the 

low-slope quasi-triangular function had a performance 

higher than the steep-slope mode. The sixth function had 

the best performance among six provided functions. In 

cases, where sprayed fuel mass rate was high at the 

beginning (functions f1 and f2), SFC had higher value, 

and if sprayed fuel mass rate was low at first (function 

f6), SFC value was reduced, which indicated further 
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improvement of engine performance. Since in an injector 

with annular orifice, the fuel flow rate was higher than a 

conventional injector, at the beginning of combustion, 

temperature of the fuel injection area was reduced 

locally, and also there was not enough opportunity for 

mixing of the fuel. Therefore, the fuel did not burn 

completely. However, when the fuel injection flow rate 

was initially low, the combustion chamber temperature 

was higher, and its turbulence intensity increased. Also, 

when the main volume fraction of spray occurred at the 

end of spraying, it caused the main part of combustion 

and work to be after TDC. This resulted in an increase in 

power, which was well illustrated by the pressure 

distribution diagram. 

Comparing the power of the first function with the 

experimental results of the Kubota engine test in Fig. 10 

shows that the sprayed fuel mass had reduced from 36 

mg to 30.8 mg, which demonstrated a decrease by 17%. 

This was while power has increased from 47.9 kW to 

48.7 kW. Therefore, using an annular injector in the 

Kubota 3300 engine, instead of a conventional injector, 

increases power and improves the performance of the 

engine as well. 

A comparison of six spray functions with each other 

in the diagram of Fig. 10 shows that the two factors of the 

sprayed mass and the improvement of the combustion 

process have caused difference between the values of 

power of six functions. The power produced with the 

fourth function had the highest value, because this 

function had the highest sprayed fuel mass and good 

combustion performance (only the sixth function has SFC 

less than this function). In the fourth function, although 

fuel injection per engine cycle was decreased by 8.8%, 

power was increased. The increase in power for this type 

of injection function, compared to Kubota engine, was 

13.6% and 13.5% respectively. The fifth function had the 

lowest amount of power because the sprayed fuel mass 

was the lowest in this spray function, and the combustion 

performance of this function was weaker than the other 

functions (only the first function has higher SFC value). 

 
Fig. 10: Power variations for different injection functions 

 

With the beginning of combustion and an increase in the 

temperature inside the cylinder, nitrogen began to 

decompose at high temperature points, and NO production 

increased. Nitrogen oxide changes for six different 

functions studied in this work were demonstrated in Fig. 

11. This pollutant reached a constant value after a few 

degrees aTDC, because all the fuel burns and the high 

temperature points disappear. Also, after TDC the 

combustion chamber began to expand, which resulted in a 

decrease in temperature and during expansion the mixing 

process was faster, which led to the mixing of high and 

low temperature areas in the combustion chamber. 

Nitrogen decomposition stopped when the high 

temperature points inside the cylinder disappeared. 

 
Fig. 11: NO variations for different injection patterns 

 

Comparing nitrogen oxide changes for the first 

function in Fig. 11 with Fig. 6, one can conclude that the 

use of annular injector in the Kubota 3300 engine 

increased NO production in this engine. This is due to the 

fact that by improving the combustion performance of the 

engine using an annular injector in the Kubota engine, the 

temperature and pressure of the combustion chamber also 

increased and caused more nitrogen decomposition in the 

combustion chamber. Although the annular injector 

increased engine performance, this type of injector would 

generate more pollutants if nitrogen oxide absorbers were 

not used in the engine outlet. The highest average 

temperature was related to the fourth function, which was 

seen to have the highest nitrogen oxide production. On 

the other hand, the lowest temperature was related to the 

sixth function, which also had the lowest nitrogen oxide 

production for this function. 

Fig. 12 shows the mass fraction of soot in terms of 

crankshaft angle. It can be seen that with the beginning of 

combustion and the rise of the chamber temperature, soot 

fraction increased due to the acceleration of reactions and 

shortage of oxygen supply to the combustible fuel. When 

the main combustion process was completed, due to the 

slowing down of the chemical reactions as well as the 

appropriate temperature and intensity of turbulence created 

inside the cylinder, the produced soot was oxidized and 

reduced. That is, over time, as the flame progressed inside 

the chamber, soot oxidation began, and the carbon 
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molecules combined with oxygen that was then delivered 

to them. In all the functions used for spraying, the soot was 

well oxidized and eliminated at the end. Therefore, the use 

of the annular injector in the Kubota 3300 engine does not 

cause any problems in terms of soot pollution. 

 
Fig. 12: Soot mass fraction variations for different injection 

patterns 

 

Figs 13 to 16 demonstrate the distribution of some 

parameters at TDC and 40° aTDC for the sixth function. 

Fig. 13 shows the temperature distribution in combustion 

chamber. As it can be seen, the combustion starts from 

the central area, and gradually moves to the cylinder wall. 

At first the movement towards the wall was fast, but it 

was reduced with the expansion of the combustion 

chamber. Finally the parts of the high-temperature 

mixture were transferred to the central part. As 

demonstrated in Fig. 14, combustion occurs in areas with 

an equivalence ratio greater than 2. 

 

 
(a) 

 
(b) 

Fig. 13: Temperature distribution in combustion chamber: 

(a) at TDC, (b) at 40° aTDC 

 
(a) 

 
(b) 

Fig. 14: Equivalence ratio distribution in combustion 

chamber: (a) at TDC, (b) at 40° aTDC 

 

Fig. 15 shows nitrogen oxide distribution in the 

combustion chamber. It is that this pollutant is mostly 

produced at high temperature points. In areas with 

equivalence ratio of 1 and temperatures above 2000 K, 

NO has the highest mass fraction. Fig. 16 demonstrates 

distribution of soot in combustion chamber. Soot is 

produced in the area of the flame front and in oxygen-

poor areas, where oxygen penetration rate into the 

combustion zone is not sufficient to reach stoichiometric 

conditions, which are closer to the piston crown. By 

comparing the distribution of soot in the two states of 

TDC and 40° aTDC, it can be seen that the soot produced 

at the beginning of combustion is well oxidized and 

eliminated at the end. 
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(b) 

Fig. 15: NO distribution in combustion chamber: (a) at 

TDC, (b) at 40° aTDC 

 

 
(a) 

 
(b) 

Fig. 16: Soot distribution in combustion chamber: (a) at 

TDC, (b) at 40° aTDC 

 

Fig. 17 shows how fuel is sprayed into the combustion 

chamber. One of the features of annular injectors is 

increasing the angle of the spray cone, which the injector 

used in the present study has also done well. By careful 

investigation of the distributed droplets, it can be observed 

that the droplets diameter is close to each other, and they 

are distributed evenly from the central part to the edge of 

the spray cone. The simulation results show that 

controlling the penetration length of the fuel spray in the 

combustion chamber, increasing the angle of the spray 

cone, and, thus, the uniform distribution of fuel droplets 

are effective factors in proper combustion performance. 

 
Fig. 17: Fuel spray into the combustion chamber 

 

7. Conclusion 
In the present study, the performance and emission 

production of Kubota 3300 engine using the presented 

annular injector and different diesel injection functions 

were studied numerically. Engine power, specific fuel 

consumption (SFC) and pollutants emission in the 

combustion chamber, using annular injector along with 

uniform mode and five different injection functions, were 

investigated. The results of fuel spray and engine 

performance simulations showed that the injector having 

annular orifice causes more uniform distribution of 

droplets and increases the spray cone angle. Using this 

type of injector led to a decrease in temperature at high 

temperature points inside the combustion chamber, which 

reduced nitrogen oxide emission. Moreover, increasing 

the cone angle without creating a very thin area by the 

annular injector created good balance between the 

production of nitrogen oxide and soot. 

The results of numerical simulations also showed that 

the fuel injection function had great effect on engine 

performance and caused 5% difference between the SFC 

value for the first and the sixth function. Also, using 

different spray functions, without changing the spray 

length, changed the sprayed mass in each cycle, which 

resulted in 18% difference between the maximum (the 

fourth function) and the minimum (fifth function) of 

power. The sixth function had the best performance in 

terms of nitrogen oxide production, and nitrogen oxide 

fraction reached 0.0016. The use of annular injector in 

the Kubota 3300 engine and changing the sprayed mass 

increased soot mass at the beginning of the combustion 

process, but, then, the produced soot was oxidized well 

for all functions. 

 

Nomenclature 
A constant, A=400 

A Zeldovich nitrogen oxide formation model constant 

Af Hiroyasu soot formation model constant 

B constant, B=3 

C3 constant, C3=1.17 

Cpr Empirical coefficient 

Cfu Empirical coefficient 

Ds soot particle diameter 

dout orifice diameter 

Ea activation energy 

h sheet thickness in orifice 

Kv velocity coefficient 

m1 fluid mass rate 
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Mfv fuel vapor mass 

Ms soot mass 

MWc carbon molecular weight 

  (
 

  
) 

empirical dimensionless parameter 

Rtot reaction rate 

P pressure 

   pressure difference 

S stoichiometric coefficient written on mass basis 

SFC specific fuel consumption 

V discharge absolute velocity 

Vrel discharge relative velocity 

X ratio of air core to the total area 

y mass fraction 

Greek letters 

𝜇 dynamic viscosity 

τr turbulent mixing time scale 

𝜌 fuel density 

𝜌  soot density 

𝜃 half of the cone angle 
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