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ABSTRACT 

 

The present study aims to investigate the effect on combustion, emission, 

and spray characteristics with the variation of the nozzle hole diameters 

(NHD) in a diesel engine. For this a CFD 3D model is developed for a four-

stroke diesel engine fueled with neat diesel and three different NHD, i.e., 

0.20 mm, 0.26 mm, and, 0.30 mm. The CFD 3D models were effectively 

able to predict the turbulence and turbulent-flame propagation interaction, 

chemistry involved in combustion processes, and the dissociation and 

reassociation of chemical species. For the model validation, the 

combustion characteristics of the CRDI-VCR engine are used. The 

validation results showed good compatibility having the relative error 

within the range. The analysis showed that increasing the nozzle hole 

diameter resulted in the decrease of the in-cylinder pressure by about 

8.31% and 31.93%, respectively, for 0.26 mm and 0.30 mm diameter 

compared to 0.20 mm. The AHRR also showed a similar trend with a 

decrease of about 11.82% and 42.18%, respectively, for 0.26 mm and 0.30 

mm diameter as compared to 0.20 mm. Subsequently, the increase in 

nozzle diameter showed an increase in HC and CO emissions but a 

decrease in NOx emissions. The CO emissions increase by about 0.65% 

and 5.08% and HC emissions increase by about 29.90% and 60.13% 

respectively for 0.26 mm and 0.30 mm diameter compared to 0.20 mm. 
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While the NOx emission reduces by about 41.18% and 70.58% 

respectively for 0.26 mm and 0.30 mm diameter as compared to 0.20 mm. 

The effect of different nozzle diameters on spray characteristics is analyzed 

and verified from previous studies. The increase in nozzle diameter showed 

an increase in liquid penetration length, breakup length, and SMD. Also, 

the present study shows the possibilities of the CFD models for the 

simulation of engines employing different fuels and operative conditions. 

 

Keywords: Nozzle hole diameter, Diesel engine, Ansys forte, Spray 

characteristics, NOx emissions 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

The CI engine has been utilized by the domestic auto industry due to its thermally 

efficient characteristics. However, the non-homogeneous mixture of air and fuel inside 

the diesel engine makes its utilization less preferable as they produce extensive soot 

and other toxic emissions. The effective development in the diesel engine has made it 

controllable that has resulted in the improvement of fuel economy and effective 

emissions control technology. The development of effective emissions control 

technology due to its impact on the automotive industry was the priority of research for 

the past few years. Toxic pollution has been seen as a significant threat to our 

environment and human health. The major toxic emissions emitted from the engine 

exhaust are carbon monoxide (CO), unburnt hydrocarbons (UHC), nitrogen oxides 

(NOx), and particulate matter (PM). This makes many countries have more stringent 

legal limits on the emissions of these toxic substances.  

In recent years, the automotive researcher community and automobile companies have 

focused their research attention on enhancing the thermal efficiency of the diesel engine 

while lowering the toxic emissions from diesel engines. Many different methods are 

been utilized to improve the modern day's engine’s efficiency that includes boosting 

intake pressure by using a turbocharger or superchargers [1], variable valve timing [2], 

an advanced fuel injection process in the engines [3]. In addition to this, many newer 

steps were taken to further enhance engine efficiency. The concepts of low-temperature 

combustion (LTC) i.e., HCCI, RCCI, and PPC were extensively studied [4], [5]. 

Although, most LTC combustion concepts cause HC and CO emissions that exceed the 
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legal limits because of their lower combustion temperature and the stranded of the 

premixed fuel in the crevices.  

Automotive researchers have to utilize some other methods that can meet the emission 

regulations in the diesel engine without compromising its efficiency. To achieve this, 

researchers have focused their research on the factors that significantly influence fuel 

consumption, engine emissions, combustion process with the effect on the fuel-air 

mixture formation, spray formation, nozzle geometries, etc. One such factor is 

improving the process of atomization and fuel-air mixing. The recent developments in 

the high-pressure injection technology made it possible to achieve a fine atomization 

process of the fuel that significantly influenced the air-fuel mixing. Along with high-

pressure injection, the variation in the geometry of the nozzle has shown the possibility 

to meet the emission regulations with the improvement in the combustion 

characteristics. To have a better insight into this, an understanding of various spray 

characteristics like penetration length, break-up length, and SMD is a must.   

In recent times, the utilization of computational simulations in the area of engine 

research has been viewed as a major analytical tool. In this, they establish the 

correlation with the experimental studies and provide new insight to the researcher. The 

use of simulation tools provides the advantage of creating novel and fuel-efficient 

engines with lower toxic pollutants. The flexibility in the simulation steps, as well as 

the cost efficiencies, provides the significant boon of utilizing the simulation tools. In 

the present study, one such simulation tool is utilized to investigate the diesel engine 

characteristics. In the present market, the main commercial CFD software available are 

ANSYS-Forte & -Fluent, AVL-FIRE, along STAR-CD and STAR-CCM+.  
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In addition to these, open-source code-KIVA and OpenFOAM are also becoming more 

popular. ANSYS-Forte CFD package has been chosen for the present study to utilize 

its benefits of automatic mesh generation with better time efficiency. The Chemkin-pro 

solver in the package provides the computational speed required for the simulation of 

the predictive engine. The presence of multi-components fuel-vaporization models 

allows the effective prediction of fuel sprays effects as well as representation of the 

physical spray. ANSYS Forte enables the reduction in dependency of grid and time-

step due to the presence of advanced spray models.  

1.2 Combustion in CI engine 

Combustion refers to a chemically oxidized exothermic gas-phase reaction process in 

which the fuel and oxidant get combusted to generate heat and/or work. The combustion 

process in the diesel engine effectively controls engine power, efficiency, and emissions 

[6], [7]. The process of combustion includes the injection of fuel into the combustion 

chamber through the injector nozzle. The fuel injection is done at high pressure and 

high velocity through the nozzle orifice present at the injector tip end. The formation 

of a single or multiple jets occurs during the injection that depends upon the nozzle 

geometry. After the fuel passed the injector tip, it gets atomized into smaller droplets 

that penetrate into the combustion chamber. The smaller fuel droplets vaporize and 

mixed with the high-temperature air. This resulted in the spontaneous burning of some 

premixed air-fuel mixture after the ignition delay which is characterized as the start of 

combustion. A sharp rise in the cylinder pressure is observed as the premixed air-fuel 

mixture burns. The burning of the premixed air-fuel mixture increases the pressure 

inside the combustion chamber that tends to compress and burns the remaining portion 

of the air-fuel mixture.  
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This causes a reduction in the ignition delay period. The combustion inside the cylinder 

continues until all the injected fuel gets atomized, vaporized, and mixed with air has 

combusted. The combustion process inside the cylinder is unsteady, 3-Dimensional, 

and heterogeneous in nature. Also, the combustion process inside the engine cylinder 

depends on the fuel characteristics, injection system and combustion chamber design, 

and operating conditions of the engine. 

The process of combustion takes place in three stages in a diesel engine; 

First Stage: This stage includes a very high rate of burning that remains for only a few 

crank angle degrees and is characterized by the rapid rise in pressure inside the cylinder. 

Second Stage: This stage includes the gradual reduction in the heat release rate before 

it initially rises. It is marked as the period of the main heat release and lasts for major 

crank angle degrees. During the first two stages, almost the entire energy is released 

from the fuel. 

Third Stage: This includes the small and distinct heat release rate which continues 

throughout the expansion stroke. It is marked as the tail of the heat-release curve. A 

small heat release is observed during this stage from the fuel.   

During the combustion process, the following characteristics can be observed. 

• The fuel injection period is lesser than the total burning period of the air-fuel 

mixture. 

• The speed of the engine defines the burning rate which is proportional to the 

engine speed. This ensures the constant burning interval on a basis of crank 

angle. 
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• The ignition delay period influences the magnitude of peak burning rate which 

is higher due to long delays. 

The overall combustion process of the air-fuel mixture in the diesel engine is shown in 

Figure 1.1 and can be defined under the following periods, 

Ignition Delay (ID) period: ID is the period between the SOI and SOC. It is marked on 

the pressure-crank angle diagram with the variation in slope. 

Pre-mixed combustion period: It is the period of the rapid burning of the air-fuel 

mixture mixed during the ignition delay period. The burnt product is later mixed with 

the injected fuel for combustion. This period is marked by the high heat-release rate.  

Rate-controlled combustion period: After the combustion of the premixed air-fuel 

mixture is completed during the ignition delay period, the combustion process depends 

on the rate at which the air-fuel mixtures are available for combustion. During this 

period, the atomization and vaporization of the injected fuel are controlled which later 

form the air-fuel mixture by mixing with the air. This resulted in the controlled pre-

flame chemical reactions and fuel-air mixture burning rate. The rate of heat release is 

relatively lower than the premixed combustion period which decreases further as the 

period progresses.  

Late combustion period: During this period, the rate of heat release continues, however 

at a relatively lower rate during the expansion stroke. This is due to the small amount 

of heat released from the soot and products in a fuel-rich combustion zone. The mixing 

of non-uniform air-fuel mixture encourages the complete combustion of the mixture 

and thus causes less dissociated product gases.  
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Figure 1.1. Stages in the combustion process in a diesel engine [8]. 

1.3 Emissions in CI engine 

The complete combustion of hydrocarbon-based fuel (𝐶𝛼𝐻𝛽𝑂𝛾) and air leads to the 

formation of CO, 𝑂2, 𝑁2, and 𝐻2𝑂 as shown in Figure 1.2. The formation of 𝑂2 occurs 

only if there exists a lean mixture. The excess air-fuel ratio (𝜆) is given by the ratio of 

actual air-fuel ratio to the stoichiometric air-fuel ratio. It measures the deviation of the 

actual air-fuel mixture from the stoichiometric mass ratio [9]. The excess air-fuel ratio 

is given by: 

 
𝜆 =

𝐴𝑖𝑟 𝑚𝑎𝑠𝑠

𝐹𝑢𝑒𝑙 𝑚𝑎𝑠𝑠 ∗ 𝑆𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐 𝑟𝑎𝑡𝑖𝑜
 

(1.1) 

where  

• 𝜆 > 1 is for the lean mixture,  

• 𝜆 < 1 is for the rich mixture,  

• and, 𝜆 = 1 is for the stoichiometric mixture.  
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The reciprocal of 𝜆 is known as the equivalence fuel-air ratio, represented by 𝜙, can 

also be used. Although, the complete combustion of hydrocarbon-based fuel (𝐶𝛼𝐻𝛽𝑂𝛾) 

and air yields non-toxic products, but the formation of 𝐶𝑂2 is a concern as it is known 

as a greenhouse gas and causes global warming. On the other hand, combustion in the 

case of practical applications always causes toxic species like HC, CO, PM, and NOx 

because of incomplete combustion. The major combustion pollutant species are listed 

below with their effect on the local environment:  

1.3.1 Un-burnt Hydrocarbons (UHC) 

HCs in diesel exhaust include either decomposed fuel molecules or recombined 

intermediate compounds [10]. These exhibits in different forms that contain paraffin, 

olefin, and aromatic hydrocarbons 𝐶𝑚𝐻𝑛. The formation of aldehydes (𝐶𝑛𝐻𝑚𝐶𝐻𝑂), 

ketones (𝐶𝑛𝐻𝑚𝐶𝑂), and carboxylic acids (𝐶𝑛𝐻𝑚𝐶𝑂𝑂𝐻) is due to the partial 

combustion of hydrocarbons [11]. Another source for HC formation in diesel exhaust 

is lubricating oil. HCs sources in a diesel engine are mainly due to over-mixing or 

under-mixing of air and large size fuel droplets during the end of injection. Generally, 

the HCs formations depend on lean-flame-out-region (LFOR), part of fuel injected on 

the cylinder wall, spray cone and tail, and after injection techniques. Engine design and 

operating conditions also influences the oxidation and formation of HCs. 
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Figure 1.2. Combustion process of hydrocarbon-based fuel and air [11]. 

1.3.2 Carbon monoxides (CO) 

CO emissions are tasteless, colorless, and odorless toxic gas that has the capability of 

harming or even killing humans by reacting with the oxygen in the bloodstream. It is 

marked as the intermediate product formed during the combustion of hydrocarbons 

[12]. In the combustion mechanism of hydrocarbons, the formation of CO is considered 

one of the important reaction steps. The hydrocarbons breakdown process is shown in 

Equation 1.2 in which the hydrocarbon radical is represented by R [8].  

 𝑅𝐻 ⇢ 𝑅 ⇢ 𝑅𝑂2 ⇢ 𝑅𝐶𝐻𝑂 ⇢ 𝑅𝐶𝑂 ⇢ 𝐶𝑂 (1.2) 

 𝐶𝑂 + 𝑂𝐻 ⇔ 𝐶𝑂2 + 𝐻 (1.3) 

The lack of oxidants, temperature, and residence time resulted in CO formations due to 

partial combustion. However, for complete combustion, CO oxidizes into the 𝐶𝑂2 

because of the recombination reactions occurring between CO and different oxidants 

(Equation 1.3). The only time CO will be left un-oxidized is when there occur 

incomplete reactions due to lower air temperature or lack of oxidants [13]. The rich-

fuel mixtures combustion usually causes high CO formation but leaner diesel 
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combustion and rich air quantity cause lower emissions of CO from diesel combustion. 

During the different periods of combustion inside the diesel engines, the conditions that 

promote CO oxidation are: 

• Low air-fuel ratio, 

• High oxygen content, 

• High combustion temperature, and 

• High air-fuel mixing rate.  

1.3.3 Nitrogen Oxides (NOx) 

The NOx emissions take into consideration both nitric oxide (NO) and nitrogen dioxide 

(NO2) in the exhaust of a diesel engine. In DI diesel engines, NO includes 70% to 90% 

of the total NOx. NO is considered as the combustion by-product instead of CO which 

is a compound in transition. The intake air charge comprises more than 75% nitrogen 

by volume. The balanced oxygen in the entrained air and the combustion of 

hydrocarbon fuel ensure the continuation of the NOx formation until it has exhausted 

from the engine tailpipe. The fuel-NOx concentration is negligible and therefore its 

contribution to the chemical reactions is neglected. 

The NO formation is characterized by the extended Zeldovich mechanism given by 

Equations 4 to 6:  

When the O2 molecule comes in contact with a high-temperature N2 environment, the 

formation of NO takes place with a residual of a single N atom formed in an unstable 

and energetic state (Equation 1.4). The N atom reacts with 𝑂2 (present inside the 

 𝑂2 + 𝑁2 ⟺  𝑁𝑂 + 𝑁 (1.4) 

 𝑁 + 𝑂2 ⟺ 𝑁𝑂 + 𝑂 (1.5) 

 𝑁 + 𝑂𝐻∗ ⟺ 𝑁𝑂 + 𝐻 (1.6) 
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cylinder) in the presence of heat available from the combustion process and attains a 

stable state. This consequently leads to the higher formation of nitric oxides while 

leaving the oxygen atom in an unstable state (Equation 1.5). In the Zeldovich 

mechanism, the formation of radical 𝑂𝐻∗ takes place that forms more NO and H atoms 

after reacting with the N atoms (Equation 1.6).  

Overall, the three equations show the mechanism by which NO can be formed, and the 

longer the residence time in this high NO formation regime, the larger are the NOx 

concentrations. According to the Zeldovich mechanism, the chain reaction does not 

initiate by the N atom because of its lower concentration against the concentration of 

oxygen during the combustion process [14]. Therefore, the local temperature influences 

the formation of NO in the spray during the combustion process. The reaction of NO 

with excess oxygen causes the 𝑁𝑂2 formation. However, the cylinder wall-quenching 

due to excess air can result in the restriction of NO formation. During the expansion 

stroke, as the temperature tends to decrease, the concentration of NO does not reduce 

to the limit concentration because the NO attains stability under these conditions. From 

the previous studies [15], [16] it was shown that the NO removal process during the 

expansion stroke is slow which makes the NO concentration to be constant for the entire 

expansion stroke. This phenomenon occurs mainly in the lean fuel-air mixtures [17]. 

The premixed portion of the fuel burned before the system has achieved maximum 

cylinder pressure contributes to the main reason for NO formation. 

With the termination of the combustion process, the NO is compressed to elevated 

pressure and temperature. That’s why NOx control techniques focus mainly on the early 

phase of combustion. However, the effort of reducing the combustion temperature leads 

to penalties in the formation of HCs, PM with higher fuel consumption. Thus, it is 

required to make 𝑁𝑂𝑥/𝑃𝑀 trade-off or 𝑁𝑂𝑥/𝑓𝑢𝑒𝑙 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛 trade-off in the diesel 
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engines. [18] has found that the factors that affects the initial heat release rate will also 

influence the 𝑁𝑂𝑥 formation rate in the same manner. Therefore, many control 

techniques are attempted to minimize the fuel burnt quantity during the premixed 

burning period that includes initial rate shaping using a lower injection rate during the 

injection period followed by a substantially higher injection rate after the combustion 

initiates. The technique also includes pilot injection, which has a separate small 

injection to start the combustion with minimum fuel quantity that is followed up by the 

main injection after the combustion has started.  

1.4 Diesel Spray Fundamentals 

The injection of liquid fuel into a CI engine is achieved through single or multi-nozzle 

orifices having a larger pressure difference between the cylinder and fuel delivery line. 

Depending on the needs and size of the combustion system, the design of the nozzle 

can either be single/multi-hole or throttle/pintle. Figure 1.3 portrays the basic features 

of fuel spray in a diesel engine. After exiting the nozzle tip, the fuel jet atomizes into 

fine droplets whose momentum creates a spray and spreads out as the spray enters the 

surrounding air. [19] has found that the initial jet velocity of fuel spray is very high. 

The disintegration of the liquid surface into the smaller droplets occurs as the liquid jet 

passes the nozzle exit.  
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Figure 1.3 Basic features of a typical DI engine fuel spray [20]. 

With the forward motion of the injected fuel from the nozzle, the concentration of air 

mixed with the fuel spray increased that diverges the fuel spray increased its width, 

however, the velocity has decreased. As this hot air proceeds, fuel drops get evaporated. 

With the continuation of injection of fuel, the spray tip gets penetrated further into the 

combustion chamber. However, the rate of penetration keeps on decreasing. After the 

fuel spray penetrated the outer region, it has contacted the cylinder wall that causes the 

spray to split and then flows in a tangential direction along the wall. The liquid droplets 

and ligaments accumulate near the nozzle with the maximum region of spray include 

of fuel vapor and the air around the narrow core that contains remaining liquid fuel. 

Near the nozzle, the ligaments and liquid droplets occupy the major region consisting 

of air-clouds and fuel vapors around the confined core where the remaining liquid fuel 

is accumulated. Within this region, the autoignition occurs which raises the mixture 

temperature at the time of the “premixed combustion period ”. This then leads to the 

“rate-controlled combustion” period of the diesel combustion process in which the 

lifted off diffusion flames surrounded the liquid spray near the end of the injector 



Some studies on engine combustion, emission, and spray characteristics of a CRDI diesel 
engine with variable nozzle geometry using ANSYS                                                                   13 

nozzle. Most of the combustion systems use air swirls to increase mixing rates of fuel 

and air. The swirl enhances the radial as well as tangential motion of spray that causes 

the formation of a more complex structure of the liquid jet [21]. After the mixing of air 

with fuel spray, it gets slower and curves towards the direction of swirl. There observed 

less penetration of spray with the swirl than without it, while keeping similar injection 

conditions. The significant function of spray is to form a region of large vapor below 

the core that contains the liquid fuel.   

1.4.1 Atomization and Spray Development 

The process of atomization involves the breaking up of bulk liquid into smaller droplets 

due to the disruption in the surface tension force of the liquid by the internal and 

external forces. The surface tension force causes the liquid fuel to form a sphere because 

of its minimum surface energy. However, the presence of aerodynamic forces on the 

liquid surface disrupts this surface tension due to the effect of external force on the 

mass of liquid. With further increases in the external forces, the breaking up of bulk 

liquid takes place. During the initial atomization process, many unstable large droplets 

are formed that further undergo the breaking up process to form relatively small 

droplets. Therefore, the final size of the droplets formed depends on [22]- 

• Primary breakup: Droplet size formed during the primary atomization 

• The secondary breakup: The extent to which droplets formed during the 

primary breakup is further disintegrated.  

However, the rate of droplet disintegration depends on either its steady acceleration or 

sudden exposure to a gas stream at high velocity. 
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When the fuel has injected into the engine cylinder, it rapidly breaks up into smaller 

droplets forming a cone-shaped spray. This behavior comes under the atomization 

breakup regime (or first wind-induced break-up regime) in which the droplets formed 

to have a smaller diameter compared to the diameter of the nozzle exit. While in the 

Rayleigh regime (or second wind-brak-up regime), the higher jet velocity further 

disintegrated the liquid jet. This occurs because of the unstable surface waves formed 

due to the surface tension that causes smaller droplets size than the nozzle diameter. As 

the jet velocity reaches the maximum, it causes the formation of an atomization region 

in which the break-up of the spray peripheral surface occurs. This resulted in the size 

of the droplets minimum at the exit of the nozzle plane. The presence of aerodynamic 

forces on the fuel-air interface is one of the important characteristics of the atomization 

regime mechanism [23]. 

1.4.2 Spray Penetration 

It is defined as the velocity and distance upto which the penetration of the fuel spray 

into the combustion chamber occurs. [24] found that the spray penetration influences 

the air-utilization and its mixing with the fuel. Although, in some applications (presence 

of a swirl), the impingement of fuel is required on the cylinder wall where the wall is 

at a higher temperature. However, in multiple injections system, over-penetration of 

fuel makes the liquid fuel impinges on the cool wall which having swirl or no swirl, 

causes the reduction in mixing rate of the fuel-air mixture. This results in higher 

emission of HC with the combination of partially burned species. Also, the under-

penetration of the fuel can cause poor utilization of air since the air near the wall will 

not get in contact with the sprayed fuel [25]. Therefore, there has been an extensive 
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study on the penetration of liquid fuel spray under conditions similar to that found in 

diesel engines. 

For this, several empirical relationships have been proposed for spray penetration of 

fuel using the experimental data and turbulent gas jet theory. These relationships help 

in predicting the spray tip penetration with respect to time across the combustion 

chamber. More recent work has compared vaporizing sprays with non-vaporizing 

sprays. For short time and penetrations, and long time and penetrations, the difference 

in jet penetration is small. In between, the differences are more significant. Also, the 

higher injection pressures lead to faster penetration due to the higher initial liquid-fuel 

momentum. 

A scaling law for non-vaporizing spray penetration developed by [26], expressed in the 

dimensionless form: 

 
𝑡̃ =  

𝑆̃

2
+  

𝑆̃

4
 √1 + 16𝑆̃2 + 

1

16
ln (4𝑆̃ + √1 + 16𝑆̃2) 

(1.7) 

where the dimensionless time and penetration length are given by: 

 𝑡̃ = 𝑡/𝑡+ and 𝑆̃ = 𝑆/𝑥+ (1.8) 

𝑡+ and 𝑥+ represents the characteristics of fuel spray time and length scales and are 

defined by: 

 
𝑡+ =  

𝑑𝑛 √𝜌̃

tan(
𝛼
2)𝑈𝑓

 𝑎𝑛𝑑 𝑥+ =
𝑑𝑛 √𝜌̃

tan(
𝛼
2)

 
(1.9) 

The orifice diameter (𝑑𝑛 ), density ratio (𝜌̃), and fuel velocity (𝑈𝑓) are related as: 
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 𝑑𝑛 = √𝐶𝑎𝑑, 𝜌̃ =
𝜌𝑓

𝜌𝑎
, (1.10) 

and   
𝑈𝑓 =  𝐶𝑣√2(𝑃𝑓 − 𝑃𝑎)/𝜌𝑓 

(1.11) 

where  𝐶𝑎 and 𝐶𝑣 represents the orifice area concentration coefficient and velocity 

coefficient, respectively, and 𝑃𝑓 𝑎𝑛𝑑 𝑃𝑎 represents fuel injection pressure and local air 

pressure. 

The penetration distance 𝑆̃ as a function of time is given by: 

 𝑆̃ =  𝑡̃/(1 + 𝑡−𝑛/2)
1/𝑛

 (1.12) 

In medium and light-duty DI diesel engines, fuel-air mixing is achieved by utilizing the 

air swirl [21]. As the size of the cylinder decreases and maximum engine speed 

increases, a higher swirl is created and enhanced during intake as the in-cylinder air is 

forced radially inward towards the cylinder axis during compression with reduced bowl 

diameter/bore ratios and deeper bowls. The air swirl significantly affects the spray 

penetration [27].  

1.4.3 Sauter Mean Diameter (SMD) 

In addition to the fuel injection process, the atomization of that fuel into smaller droplets 

is also necessary, which have a high velocity. This is required to achieve a larger surface 

area of droplets across which the evaporation of liquid fuel can take place. The 

measurement of droplet sizes is difficult during the running of diesel engines. However, 

[28], [29] have carried out an investigation using the constant-volume chamber in which 

the high-pressure stationary air is present at room temperature. Then the injected fuel 

is mixed with this high-pressure-air present in the chamber. [30] has shown that the 
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distribution of droplets size at a given location in the spray can be influenced by varting 

different injection conditions during the injection period. Also, the path of individual 

droplets gets affected by their size, location, and velocity.  

The jet breakup process in the atomization regime is combined with the G.I. Taylor 

work to predict the initial average droplet diameter 𝐷𝑑. The droplet diameter proposed 

by their work is given by: 

 
𝐷𝑑 = 𝐶 

2𝜋𝜎

𝜌𝑔 𝑣𝑟
2

 ⋋⋇  
(1.13) 

Here, 𝜎 represents the liquid-fuel surface tension, 𝜌𝑔 represents the gas dynamic, 𝑣𝑟
   

represents the relative speed between liquid and gas (mean injection velocity), C 

represents unit order constant, and  ⋋⋇ is a dimensionless quantity given by 

(𝜌𝑙/𝜌𝑔)(𝑅𝑒𝑗/𝑊𝑒𝑗). 

Equation (1.13) predicts the trends observed for droplet size at the edge of the spray 

with respect to different injection parameters. However, during initial spray formation, 

coalescence and breakup phenomenon for the droplets causes the variation in the size 

distribution and its diameter. The size of droplets in the conical sprays is influenced by 

the secondary atomization phenomenon. Finally, a balanced is reached during the 

expansion of the spray due to the decrease in the coalescence. This terminates the 

breakup process because of the low relative velocity between the droplet and air.   

Distribution of droplets size is usually expressed as the frequency distribution of droplet 

volume. If f(𝐷𝑑)𝑑𝐷𝑑 is the probability of finding a droplet with a diameter 𝐷𝑑 and 𝐷𝑑 

+ d𝐷𝑑, then  



Some studies on engine combustion, emission, and spray characteristics of a CRDI diesel 
engine with variable nozzle geometry using ANSYS                                                                   18 

 
∫ 𝑑

∞

0

(𝐷𝑑)𝑑𝐷𝑑 = 1 
(1.14) 

and the volume distribution is: 

 1

𝑉
 

𝑑𝑉

𝑑𝐷𝑑
=  

𝑓(𝐷𝑑)𝐷𝑑
3

∫ 𝑓(𝐷𝑑)𝐷𝑑
3∞

0
𝑑𝐷𝑑

  
(1.15) 

With the away movement of spray from the nozzle orifice, there is an increase in the 

average droplet size that occurs because of some droplet coalescence and vaporization 

into the smaller droplets in the distribution. The average droplet size decreases as we 

move radially outward from the spray axis, presumably due to higher local 

concentrations of hotter entrained air, and higher droplet evaporation rates. 

The relationship between the droplets mean diameter and size distribution is given by 

the sauter mean diameter as: 

 
𝐷𝑆𝑀 =  (∫ 𝐷𝑑

3  𝑑𝑛) / (∫ 𝐷𝑑
2  𝑑𝑛) 

(1.16) 

where dn represent the droplets numbers having a diameter 𝐷𝑑 between 𝐷𝑑 − 𝑑𝐷𝑑/2 

and 𝐷𝑑 + 𝑑𝐷𝑑/2. The integration is performed for an appropriate number of droplet 

sizes. The SMD of the droplets can also be described as the diameter having the 

identical surface/to volume ratio as compared to total droplet distribution.  

Various relationships have been proposed for the droplet size distribution within the 

liquid sprays have been proposed. [31] in his work have proposed an expression based 

on the chi-square statistical distribution that fits the available experimental data.  

The non-dimensional expression is given by: 
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 𝑑𝑉

𝑉
= 13.5 (

𝐷𝑑

𝐷𝑆𝑀
)

3

exp [−3 (
𝐷𝑑

𝐷𝑆𝑀
)] 𝑑 (

𝐷𝑑

𝐷𝑆𝑀
) 

(1.17) 

[31] has also proposed an empirical relationship for the SMD (𝐷𝑆𝑀) which is given  as: 

 𝐷𝑆𝑀 = 𝐴(∆𝑝)−0.135𝜌𝑎
0.121𝑉𝑓

0.131 (1.18) 

where ∆𝑝 represents the drop of pressure across the nozzle (in MPa), 𝜌𝑎 represents the 

air-density (in kg/𝑚3), and 𝑉𝑓 represents the fuel delivery rate per cylinder (in 

𝑚𝑚3/𝑠𝑡𝑟𝑜𝑘𝑒). The constant "𝐴" depends on different nozzles types whose values are 

given by: 

• Throttling pintle nozzle – 22.4 

• Hole nozzle – 23.9 

• Pintle nozzle – 25.1 

[32] have observed that the SMD gets affected by the injection pressure, nozzle 

geometries, and entrained fuel and air properties.  [33] also have observed similar 

results for the nozzle L/D ratio. [34] have found that the fuel viscosity and surface 

tension affects the mean droplet-size at lower injection pressures. 

1.4.4 Spray Evaporation 

As discussed earlier, after the fuel is injected into the cylinder, it atomizes to form 

smaller droplets. This is followed by the formation of spray that vaporizes before 

mixing with the air and the combustion process takes place. There exist a core along 

the axis of the spray where the liquid fuel ligaments or drops are sufficiently dense. As 

the initial injection phase is completed, the core-length containing the liquid fuel 

remains constant till the injection ends. The large vapor-containing spray region 
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surrounds the liquid core. However, the vapor region penetrates further away with 

respect to the core that penetrates partially to the tip of the spray. According to [25], the 

droplet evaporation process is relatively quick with respect to the total combustion 

periods under normal engine operating conditions.   

The application of energy balance in combination with the spray mass and momentum 

balance for the one-dimensional evaporating spray model gives the scaling law for 

liquid fuel penetration. During the maximum penetration of the liquid core, enough 

energy is transmitted to the liquid drops from the hot entrained air that fully vaporizes 

the fuel. It is also assumed that at the liquid length, saturated fuel vapor conditions 

pertain and that air entrainment rates for the vaporizing spray differ little from those of 

a non-vaporizing spray. That is, the spray penetration length scaling law and its inverse 

defines the overall spray behavior [35]. The liquid scaling law in the dimensionless 

form is derived as: 

 

𝐿̃ = 0.47 √(
2

𝐵(𝑇𝑎, 𝑝𝑎, 𝑇𝑓)
+ 1)

2

− 1 

(1.19) 

where, 𝐿̃ =  𝐿𝑡/𝑥+ with 𝑥+ defined by equation  

 
𝑥+ =  

𝑑𝑛 √𝜌̃

tan(
𝛼
2)

 
(1.20) 

and, 
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𝐵(𝑇𝑎, 𝑝𝑎, 𝑇𝑓) =  

𝑍𝑎(𝑇𝑠, 𝑝𝑎, − 𝑝𝑠)𝑝𝑠𝑀𝑓

𝑍𝑓(𝑇𝑠, 𝑝𝑠)(𝑝𝑎 − 𝑝𝑠)𝑀𝑎

=  
ℎ𝑎(𝑇𝑎 − 𝑝𝑎) − ℎ𝑎(𝑇𝑠, 𝑝𝑎 − 𝑝𝑠)

ℎ𝑓(𝑇𝑠) − ℎ𝑓(𝑇𝑓 , 𝑝𝑎)
 

(1.21) 

The energy balance on the fuel spray in combination with the equation of states gives 

equation (1.21) in which expressions are for single-component fuels. In this equation, 

𝑇𝑠 represents the fuel-air mixture temperature, 𝑇𝑎 represents ambient air temperature, 

𝑝𝑎 & 𝑝𝑠 represents the ambient air pressure and fuel partial pressure at the given liquid 

length. The variables ℎ𝑎 and ℎ𝑓 represents air and fuel-specific enthalpies, and 𝑀𝑎 and  

𝑀𝑓represents air and fuel-molecular weight, and  𝑍𝑎 and 𝑍𝑓 represents the 

compressibilities of the fuel vapor and air at saturated conditions.  

1.5 Thesis Organization 

The thesis entitled “Some studies on engine combustion, emission, and spray 

characteristics of a CRDI diesel engine with variable nozzle geometry using 

ANSYS” is divided into five chapters, and is outlined as: 

Chapter 1 introduces the reader to the research conducted in the area of internal 

combustion engines. It shows how automotive researchers have shifted their area of 

focus toward enhancing the CI engine thermal efficiency and reducing toxic emissions. 

The significance of diesel spray fundamentals is then discussed in the chapter. Varying 

the nozzle geometry has shown promising results in this. Hence one such nozzle 

geometry has been varied to investigate its effect on the diesel engine characteristics. 

ANSYS-Forte CFD package has been chosen for performing the present research work.  
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In the second chapter, the existing literature is critically reviewed. The chapter 

consisted of three sub-components. In the first, the effect of variation in the nozzle 

geometry on combustion and performance characteristics is discussed. Later, the effect 

of variation in the nozzle geometry on emission characteristics is discussed. Finally, the 

effect of variation in the nozzle geometry on spray characteristics is discussed. The 

chapter also includes the summary from the literature review discussed.   

In the third chapter, the different models included in the ANSYS-Forte CFD package 

are discussed. Then, the simulation setup with the boundary conditions for the diesel 

engine is discussed. Finally, the development of the engine test setup and the test 

procedure is described. The uncertainty and accuracy involved in this study are also 

reported.  

In the fourth chapter, the outcomes of the numerical investigation on the engine 

characteristics are discussed in detail and the findings are compared with the existing 

literature. The validation of the numerical analysis with the experimental data is also 

discussed in the chapter. Lastly, in the fifth chapter, the major outcomes from the 

present research are outlined and the future recommendations are provided. 
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Figure 1.4 Schematic representation of the thesis outline. 
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CHAPTER 2 

LITERATUR REVIEW 

2.1 Introduction 

The research developed in the field of CI engines has been at its peak in recent times. 

The advancement in new technologies within the engine has elevated the demand for 

new engine types. Further, the environmental constraints on the engines have become 

strict over years. Figure 2.1 shows the legislated limit on the emission levels of nitrogen 

oxides (NOx) as well as particulates (PM) for heavy-duty diesel engines in India. Other 

species like unburned hydrocarbons and carbon monoxide are also regulated. The 

automotive researcher community and automobile companies have focused their 

research attention on improving the engine’s efficiency while minimizing the pollutant 

emissions from CI engines. Many different methods are used to improve the modern 

day's engine’s efficiency that includes boosting intake pressure by using a turbocharger 

or supercharger [1], variable valve timing [2], an advanced fuel injection process in the 

engines [3]. In addition to this, many newer steps were taken to further enhance engine 

efficiency. The concepts of low-temperature combustion (LTC) i.e., HCCI, RCCI, and 

PPC were extensively studied by [4], [5]. The results showed improved indicated BTE 

with lower NOx emission and soot. Apart from this, a very large amount of literature 

on engine research is available. In this section, the literature review related to the 

present study has been presented.   

The fuel injection system has greatly influenced the combustion phenomenon in diesel 

engines. As the combustion process is heterogeneous in nature, controlling it 

significantly improves efficiency and emissions formation [6], [7]. Thus, a better 

understanding of the in-cylinder combustion, emission, and spray characteristics may 
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further improve the engine efficiency with the control over fuel economy and emission 

formations. To achieve this, various experimental-CFD works have been done in the 

past. A major review of the available literature on nozzle geometry is presented in the 

following section. 

 

Figure 2.1. Legislated limit on the emission levels of nitrogen oxides (NOx) as 

well as the particulates (PM) for heavy-duty diesel engines in India [36]. 

2.2 Combustion and Performance Characteristics with Varying Nozzle Geometry 

As stated above, the combustion process significantly improves the engine's efficiency 

and emission formations. Therefore, various numerical and experimental studies have 

been performed to enhance the combustion process inside the cylinder. In the 

subsequent section, the studies performed by various researchers on different nozzle 

geometry are studied.  
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[37] studied the effect of varying injector hole numbers (7 to 10) upon the performance 

and emission characteristics for a light-duty diesel engine running under different 

conditions. The author has observed improvement of ISFC-NOx and Soot-NOx trade-

offs for lower hole diameter. Also, PM has reduced effectively with an increase in hole 

numbers. For low load conditions with 10- hole injector; the cylinder pressure and 

AHRR were higher against a 9-hole injector. For medium and high loads, the cylinder 

pressure and AHRR were lower for a 9-hole injector with higher PM emissions.  

[38] has investigated the effect of nozzle hole geometry in a diesel engine fuelled with 

kapok biodiesel. In this study, the holes are varied from three to five. For higher blends, 

the peak HRR and in-cylinder pressure increased by 32.5% and 10% for 5 holes at full 

load conditions. Also, a shorter ignition delay duration was observed for 5 holes nozzle 

with an increase in the BTE by 6.1%.  

[39] has analyzed the effect of fuel injection pressure (188 bar to 224 bar) and injector 

nozzle holes (3 to 5) in a diesel engine fuelled with preheated palm oil methyl esters 

inside the diesel engine. The fuel injection timing varied from 19, 23, and 27 °bTDC. 

The result showed improvement in BSFC and BTE, while a reduction in CO and HC 

emissions, for increasing pressure to 212 bar, with four-hole nozzle, and injection 

timing of 27 °bTDC. 

[40] conducted an experimental study for investigating the effect of a number of holes 

in the nozzle on combustion and emission characteristics of dual-fuel engines fuelled 

with ethanol/diesel. The study includes the injectors having 4, 5, 6, and 8 nozzle holes. 

The result showed a reduction in peak pressure rise rate with the reduction in nozzle 

holes. Also, with the reduction in nozzle holes, the NOx emission decreased while the 

soot, UHC, and CO emissions increased slightly.  
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[41] has investigated the effect of the geometry of nozzle and combustion chamber on 

the performance of a diesel engine fuelled with Honge Methyl Ester and producer gas. 

The study consists of 3, 4, and 5 nozzle holes, 0.20, 0.25, and 0.30 mm hole diameter, 

and varying injection pressure from 210 to 240 bar. Also, the hemispherical and re-

entrant-type combustion chambers have been utilized in the study. The result indicated 

maximum performance for 4 holes, 0.25 mm hole diameter, 230 bar injection pressure, 

and re-entrant type combustion chamber. There is a 4-5% increment in BTE with a 

reduction in emission levels.  

[42] has experimentally analyzed the effects of modified nozzle geometry on the diesel 

engine fuelled with a blend of Calophyllum inophyllum biodiesel and diesel, and the 

addition of cerium oxide nanoparticles. The experiment involved three injector nozzles 

with different holes and diameters (3 holes and 0.280mm, 4 holes and 0.220mm,  5 

holes and 0.240mm). The findings are improvement in BTE, BSFC, and smoke levels 

for 5 holes nozzle compared to 3 holes nozzle.  

[43] has conducted an experimental study to investigate the performance of diesel 

engines fuelled with cottonseed oil methyl esters for different injection timing, injector 

opening pressure, and nozzle geometry. The analysis involved varied fuel injection 

timing from 19 to 27 °bTDC; varied injection pressure from 210 to 240 bar, and nozzle 

holes from 3,4, and 5, each having 0.3mm in size. The result shows an overall increase 

in the BTE while a decrease in HC, CO, and smoke emissions for operating conditions 

having 19 °bTDC injection timing, 230 bar injection pressure, and 0.3mm nozzle 

diameter with 4-holes. 

[44] has studied the nozzle hole number effect on the performance and emissions of a 

diesel engine fuelled with blends of diesel and biodiesel. The experiment includes 
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injector hole size (in µm) and the number of 340X2, 240X4, 200X6, and 170X8. The 

findings are a reduction of BSFC with an increase in nozzle hole number.  

[45] has investigated the effect of modified nozzle geometry in DI diesel engine fuelled 

with blends of Calophyllum Inophyllum Methyl Esters and cerium oxides 

nanoparticles. The investigation includes three injectors with: base- 3 holes and 

0.280mm dia, modified- 4 holes and 0.220 mm dia, and 5 holes and 0.240mm dia. The 

result shows that improvement in BTE and reduction in BSFC and emissions levels for 

5 holes and 0.240mm diameter injector nozzle compared to 3 holes and 0.280mm 

diameter injector nozzle having nozzle opening pressure of 250 bar. 

[46] has conducted emission and performance study using a constant volume cold spray 

chamber for varying nozzle hole numbers and their sizes. The study includes an injector 

nozzle of 225X8, 260X6. 260X8, and 300X6. The result shows that the second-best 

performance characteristics were found for the smallest hole size nozzle having the 

fewest hole numbers.  

2.3 Emission Characteristics with Varting Nozzle Geometry 

[47] has investigated the effect of nozzle geometry, injection timing, and injection 

pressure on a diesel engine fuelled with the vetia-peruviana methyl esters. The authors 

found that 230 bar injection pressure, 26 °bTDC injection timing, and 5-hole nozzle 

increased the BTE and NOx emissions while reducing the HC, CO, and smoke 

emissions.  

[48] has studied the effect of injection parameters on the performance and emission 

characteristics of a diesel engine fuelled with a diesel-producer gas blend. The study 

has injector nozzles with diameters of 0.2, and 0.25, and 0.3 mm with 4, 5, and 6 holes. 

The authors have found 4.5% higher BTE with a 4-hole nozzle for the diesel-producer 
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gas operation Also, a decrease in the emission levels of 15-30% was observed for the 

HOME-producer gas having 240 bar injection pressure and 0.25 mm nozzle diameter 

with 6 holes than those of other geometries. 

[49] has conducted a study to investigate the emission characteristics in a diesel engine 

for various operating conditions running on diesel-spirulina microalgae-ethanol blends. 

The study includes varying fuel injection timings (15.5 ° bTDC- 27.5 °bTDC), nozzle 

diameter (0.15 mm-0.4 mm), and swirl ratios (0.5-3.0). The result obtained showed 

increasing the nozzle hole diameter, injection timing, and swirl ratio increased the NOx 

emissions. However, nozzle diameter of 0.25 mm with spirulina microalgae and 

ethanol-blended fuel showed a better response.  

[38] has conducted an experimental analysis of a diesel engine for different nozzle hole 

geometry fuelled with kapok biodiesel. The study includes the variation of holes 

number from 3 to 5. The experimental result has shown a decrease in HC, CO, and 

smoke emissions and an increase in NOx emission with an increase in the number of 

holes. Also, the BTE was found to be increased for the 5-holes nozzle against the 3-

holes nozzle at full load conditions. 

[50] had experimentally studied the effect of modified inlet valve and injector nozzle 

geometry on a TDI dual-fuel engine running with blends of calophyllum-diesel and 

waste wood chip gas. The study showed that the smoke opacity and nitric oxide for 

IVM-90 were reduced respectively by 42.7% and 48.1% and for the 4-hole nozzle were 

reduced respectively by 32.4% and 41.7% with a marginal increase in CO and HC for 

IVM-90 by 16.6% and 4.5% while for 4-hole nozzle by16.7% and 6.7%.  

[51] has investigated the performance and emission characteristics combined of the 

effect of the geometries of the combustion chamber and injector nozzle in a diesel 
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engine fuelled with POME biodiesel. The experiment involved baseline shape (HCC 

shape with 3 nozzle holes) and modified shapes (CCC, SCC, and TCC with 5 nozzle 

holes) for the combustion chamber. The author has found a decrease in CO emissions 

for modified-CCC and baseline-HCC shapes as compared to modified-SCC &-TCC 

shapes at full load conditions.  

[52] has experimentally performed a study on the combustion and emission 

characteristics for the different nozzle-hole numbers in a duel-fuel engine fuelled with 

ethanol-diesel blends. The investigation involves four injectors having 4, 5, 6, and 8 

holes. The author found that NOx emission decreased with a reduction in nozzle holes 

while the soot emissions increased. The increase in UHC and CO emissions was also 

observed for decreased nozzle holes. 

[53] has conducted a numerical-experimental analysis that shows the effect of the 

injector nozzle tip Protrusion in a diesel engine running at high speed. The result shows 

a significant reduction in soot emissions, with no changes in other emissions and fuel 

consumption.  

[54] has performed an experimental study to investigate the ignition delay and flame 

lift-off for different nozzle geometries having three different fuels and two different 

nozzle geometries. The study includes a conical nozzle and a cylindrical nozzle having 

an 8.6% larger outlet diameter than a conical nozzle. The author found that the 

cylindrical nozzle has reduced lift-off length with longer ignition delay as compared to 

the conical nozzle.  

[55] has investigated the internal flows and spray formation for cylindrical and conical 

nozzle geometries in a diesel engine fuelled with three different fuels. The result 

showed slower spray tip penetration for the cylindrical nozzle. The surrogate fuel 
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mixture showed higher penetration than n-dodecane for the conical nozzle and lower 

penetration than n-dodecane for the cylindrical nozzle. The spreading angle was also 

greatly influenced by the nozzle geometry and the ambient density. 

[56] has conducted a numerical study on the spray characteristics for different nozzle 

diameters (0.12mm and 0.2mm), injection pressure (40MPa, 70MPa, and 140MPa), and 

ambient temperature (500 K and 700 K). The result from the study shows that higher 

pressure had caused a smaller droplet diameter and a longer penetration length. Also, a 

smaller nozzle diameter leads to a shorter breakup length. 

[57] has studied the effect of nozzle hole numbers (base-5 holes and modified-6 holes) 

on the fuel spray, wall impingement, and NOx emissions. The authors have found that 

the NOx emissions decrease for B20 fuel and 6-holes nozzle. However, the spray 

penetration length is smaller for B20 fuel and 6-holes nozzle and thus showed fewer 

chances of wall impingement. 

[58] has performed a study to investigate the inner nozzle flow, spray, and combustion 

process for different nozzle geometries. The result showed a reduction in cavitation and 

turbulence within the nozzle orifice for conicity and hygro-ground nozzle. The soot 

emissions are maximum for the conical nozzle while the NOx emissions are maximum 

for a hydro-ground nozzle.  

[45] has performed an experimental analysis in a multi-cylinder diesel engine involving 

three injector nozzle geometries (six-hole, ten-hole, and six-hole convergent nozzle) 

having a high-pressure CRDI system. The authors found that NOx and soot emissions 

reduce for all three injectors. The small nozzle having 10-hole has resulted in smaller 

fuel drops thus resulting in better atomization. It also showed better air utilization for 
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the smaller 10-hole nozzle that resulted in a decrease in the NOx and soot emissions for 

wide operating conditions.   

[59] investigated the combustion characteristics of a diesel engine for three nozzle hole 

layouts having baseline conventional nozzle and multi- and group-hole configuration. 

The result showed a reduction in CO and soot emissions using the group-hole nozzle 

for wide operating ranges. Also, the use of a multi-hole nozzle resulted in lower fuel 

consumption and CO emission for equivalent ratios (0.56 to 0.84) and injection timing 

of 15 °bTDC.  

[60] has conducted a numerical and experimental study to investigate the performance 

and emission characteristics of a diesel engine for standard, convergent, and divergent 

nozzle hole geometry. The author has found lower NOx emissions and higher soot for 

divergent nozzle geometry as compared to others. The numerical analysis also showed 

good compatibility for the prediction of emissions and agrees with the experimental 

data for all cases.   

2.4 Spray Characteristics with varying nozzle geometry 

[61] has conducted a study to analyze the spray mass and momentum development with 

different nozzle geometry (inlet rounding, converging-diverging, and straight-

cylindrical) and operating conditions under high-pressure gasoline injection. The result 

showed an increase in mass flow rate for inlet rounding nozzle by 20% compared to 

straight cylindrical nozzles.  

[62] has investigated the design factors for diesel spray with 20 different multi-hole 

nozzle geometries. The author has found the significant effect of orifice diameter on 

spray combustion. The vapor penetration has also been found to be an important design 

factor in the ignition delay period, ignition distance, and lift-off length.  
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[63] has studied the spray and combustion characteristics of a large two-stroke diesel 

engine for different nozzle geometry (6-orifice nozzle and 5-orifice nozzle; with and 

without hydro-erosive grinding). The result showed different behavior for the eccentric 

nozzle for its distinctive in-nozzle swirl cavitation pattern. This causes the improved 

start of ignition and wider spray angle.  

[64] has performed an experimental and numerical study to investigate the orientation 

of injectors for efficient fuel spray patterns in a diesel engine. The orientation of the 

nozzle has been analyzed using CFD. The findings from the study showed injection and 

fuel spray characteristics have controlled the combustion and pollutant formation 

process. Also, 3 mm lift has shown a better velocity flow coefficient.  

[40] conducted a numerical study on the spray formation in a diesel injector nozzle 

using Eulerian ∑ −𝑌 coupled simulations for different nozzle eccentricity (0.50 to 

0.94). The result showed improvement of discharge and area coefficients for horizontal 

elliptical nozzles with an increase in eccentricity because of lower cavitation. This also 

causes a vapor field to have lower intensity. However, for the spray characteristics, an 

increase of eccentricity in the nozzle caused improvement of air entrainment while 

reducing spray penetration. Furthermore, an increase in angle and jet entrainment was 

observed as the eccentricity increased which showed that the elliptical nozzle may 

improve the spray atomization processes.  

[65] has investigated the characteristics of spray dynamics of a multi-hole diesel nozzle 

for the three, five, six, and nine-nozzle hole numbers. The investigation includes the 

employment of the X-Ray phase imaging technique. The author has found that 

increasing the hole numbers resulted in a non-linear trend in a spray structure. The 
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author has also suggested that for optimized engine combustion, great attention is 

required for predicting the number of holes in the nozzle.  

[66] has analyzed the string cavitation and spray characteristics for different nozzle hole 

geometry using a high-speed CMOS camera. The results showed excitement in the 

instability of the spray cone angle due to string cavitation in the nozzle. This showed 

the larger contribution of string cavitation on the spray cone increment rather than 

nozzle geometry. The L/D ratio and sac types have also affected the string cavitation 

and spray characteristics.  

[67] has conducted an experiment to analyze the internal flows and near nozzle spray 

behavior for different nozzle shapes. The experiment includes different mini-sac type 

nozzles, having different shapes of holes (cylindrical, convergent, and divergent) but 

similar hole diameters. The findings are the improved turbulence due to cavitation 

collapsed inside the hole, however, has lower effects on the spray cone angle. But the 

angle increased sharply if the cavitation extended to the hole outlet.  

[58] has performed an experimental and computational study on the injector flows and 

spray simulations for different nozzle orifice geometries. The author has found reduced 

primary break-up and sprays dispersion while increased spray penetration for the nozzle 

with conicity and hydro-grinding because of the reduction in cavitation and turbulence 

inside the nozzle orifice. The vaporization process and air-fuel mixing are also found 

to be reduced. However, the flame-lift-off length and NOx formations are found higher 

for the hydro-ground nozzle and lower for the conical nozzle.  

2.5 Summary 

The research work carried out in the past showed the advancement in the area of nozzle 

geometry. The research on nozzle geometries was started with the development of a 2-
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D model to simulate it in a diesel engine. Many satisfactory results were observed in 

this area. The progress towards 3-D modeling has been achieved with the advancement 

in computer systems. Accurate predictions of the diesel engine's characteristics have 

been possible with the development of computer technologies. This development 

encourages taking up these complex 3-modeling on a personal computer. Furthermore, 

with the introduction of CRDI diesel engines, improvement in engine performance has 

been observed in many studies with varying nozzle geometry. However, as the 

emissions norms become more strict, it is required to achieve a better combustion 

process while reducing the emissions from a diesel engine. From the literature review, 

it is found that varying the nozzle geometries has shown great potential in improving 

the combustion process inside the diesel engine with the reduction in emission 

formations.  

2.6 Research Gap 

The in-depth literature review leads to the following research gap.  

1. However, a detailed investigation has been carried out on the effect of nozzle 

hole diameter on the performance and combustion characteristics, its effect on 

the emission and spray characteristics is still a less-explored area.  

2. Limited numerical studies have been employed for investigating the effect of 

nozzle hole diameter in the diesel engine.  

3. The detailed investigation of the flow process inside the combustion chamber is 

still limited. 

2.7 Objectives 

The trailing research objectives have been delineated for the present research study. 

1. Selection of suitable CFD software for the investigation. 
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2. Selection of suitable sub-models in the software. 

3. Numerically investigating the combustion, emission, and spray characteristics 

of the diesel engine fuelled with the diesel for different nozzle hole diameters. 

4. Analyzing the optimized injection duration for different nozzle hole diameters. 

5. Experimentally investigating the combustion characteristics of the diesel engine 

fuelled with the diesel for different nozzle hole diameters. 

6. Numerical and experimental comparison of the combustion characteristics of 

the diesel engine for different nozzle hole diameters.  

7. Combustion, emission, and spray characteristics of the diesel engine using the 

CFD software for different nozzle hole diameters.  
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CHAPTER 3 

RESEARCH METHODOLOGY 

3.1 Introduction 

The basic principles and methodologies employed in this study are described in the 

present chapter. Initially, the ANSYS Forte is used to model the diesel engine. This 

simulation package is considered mainly to simulate the IC Engine designs. It provides 

a three-dimensional representation of the spray dynamics and combustion 

characteristics. The spray dynamics are governed by the turbulent mixing process and 

the chemical kinetics of fuel in a diesel engine. The utilization of ANSYS Forte 

effectively improves the accuracy of engine simulation within the commercial design 

limit. This is because of the presence of “chemistry solution techniques” in the ANSYS 

Forte that reduces the simulation time with respect to conventional CFD. The predictive 

simulation is possible through ANSYS Forte because of the controlled chemical 

kinetics with a multi-component fuel representation. Figure 3.1 shows the flow 

overview-High-level view of simulation tasks. ANSYS Forte marks a new standard by 

effective prediction of fuel-spray droplet breakup and vaporization in DI engines.  

3.2 Basic Conservation Equations 

3.2.1 Turbulent Reacting Flow 

In the CI engine, the fluid flows are characterized to be turbulent, reactive, and multi-

phase. The ANSYS Forte controls the representation of turbulent fluid flow through the 

fluid dynamics using the Navier-stokes equations. The mass-, momentum-, and energy 

conservation equations are used to represent the turbulent characteristics of the flow in 
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combination with the compressible as well as gas-phase flows. The exchange functions 

are utilized to simulate the fuel injection process in a diesel engine.  

 

Figure 3.1. Flow Overview-High-level view of simulation tasks 

3.2.1.1 Species-Conservation Equation 

In the ANSYS Forte, the modeling of the working fluids is done as individual 

components/species. However, the flow convection, turbulent transport, molecular 

diffusion, and combustion cause the modification in components during the engine 

cycle. The mass conservation equation of species is: 

 𝜕𝜌̅𝑘

𝜕𝑡
= ∇. (𝜌̅𝑘𝑢̃) = ∇. [𝜌̅𝐷∇𝑦̅𝑘] + ∇. ∅ + 𝜌̇̅𝑘

𝑐 + 𝜌̇̅𝑘
𝑠   

(3.1) 
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where ρ represents density, k represents species index (𝑘 = 1, … 𝐾), K represents the 

species total number, D represents the molecular diffusion coefficient, u represents the 

flow-velocity vector, and 𝑦𝑘 =
𝜌𝑘

𝜌
 represents the weight fraction. The term-∅ under-

takes the effects of total-averaged which has to be modeled. 

3.2.1.2 Continuity Equation 

The integration of the equation (3.1) for the entire k-species results in a continuity 

equation for total gas-phase fluid: 

 𝜕𝜌̅̅̅̅

𝜕𝑡
+ ∇. (𝜌̅𝑢̃) = 𝑝𝑠̇ 

(3.2) 

3.2.1.3 Momentum-Conservation Equation 

The fluid-momentum equation is given by: 

 𝜕𝜌̅𝑢̃

𝜕𝑡
+ ∇. (𝜌̅ 𝑢̃𝑢̃) = −∇. 𝜌̅ + ∇. 𝜎 − ∇. Γ + 𝐹̅𝑠 + 𝜌̅𝑔̅ 

(3.3) 

where p represents pressure, 𝐹̅𝑠 represents the change in the momentum rate, g 

represents specific force due to body weight, per unit mass, 𝜎 represents viscous shear 

stress.  

3.2.1.4 Energy-Conservation Equation 

The equation for internal energy transport is given by: 

 𝜕𝜌̅𝐼

𝜕𝑡
+ ∇. (𝜌̅ 𝑢̃𝐼) = −𝜌̅∇. 𝑢̅ − ∇. 𝐽 ̅ − ∇. H + 𝜌̅𝜀̃ + 𝑄̇𝑐+𝑄̇𝑠 − 𝑄̇𝑟𝑎𝑑 

(3.4) 
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where 𝐼 represents internal energy, 𝜀̃ represents turbulent kinetic energy dissipation 

rate, terms - 𝑄̇𝑐𝑎𝑛𝑑 𝑄̇𝑠 represents the interaction of chemical heat release and spray, 

𝑄̇𝑟𝑎𝑑 represents radiative heat loss and 𝐽 ̅represent heat flux vector.  

3.3 Turbulence Model 

3.3.1 Reynolds-Averaged-Navier-Stokes (RANS) Model 

This model is based on the average value of the flow field from the various realization 

of flows which resulted in the better transport and mixing of the fluid. The major 

advantage of using this model is the elimination to resolve small-scale structures in the 

flow realizations. However, the RANS methods retain the man effect of turbulence on 

the flow field and combustion characteristics. For this model, the Reynolds stress tensor 

is given as: 

 
Γ = −𝜌̅𝑣𝑇 [∇𝑢̃ + (∇𝑢̃)𝑇 −

2

3
(∇. 𝑢̃)𝐼] +

2

3
𝜌̅𝑘̃𝐼 

(3.5) 

where 𝑣𝑇 and 𝑘̃ represents the turbulent kinetic-viscosity and -energy.  

 
𝑘̃ =

1

2𝜌̅
𝑡𝑟𝑎𝑐𝑒(Γ) =

1

2
𝑢̃′′. 𝑢̃′′ 

(3.6) 

The turbulent flux for species transport is expressed as: 

 ∅ = 𝜌̅𝐷𝑇∇𝑦̅𝑘 (3.7) 

where 𝐷𝑇 represents the turbulent diffusivity. Similarly, the term convective flux (H) 

is expressed as:  

 

𝐻 = −𝜆𝑇∇𝑇̅ − 𝜌̅𝐷𝑇 ∑ ℎ̃𝑘∇

𝑘

𝑦̃𝑘 

(3.8) 
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where 𝜆𝑇 represents the turbulent thermal conductivity.  

 𝐷𝑇 =
𝑣𝑇

𝑆𝑐𝑇
 

(3.9) 

 𝛼𝑇 =
𝑣𝑇

𝑃𝑟𝑇
 

(3.10) 

where 𝑆𝑐𝑇 and 𝑃𝑟𝑇 are Schmidt and Prandtl numbers for turbulent flows.  

The basic as well as advanced 𝜅 − 𝜀 models that are based on Re-normalized Group 

Theory are used in the ANSYS Forte. The standard Favre-averaged equations for 

𝜅 𝑎𝑛𝑑 𝜀 are expressed by: 

 𝜕𝜌̅𝑘̃

𝜕𝑡
+ ∇. (𝜌𝑢̃𝑘̃)

= −
2

3
𝜌̅𝑘̃∇. 𝑢̃ + (𝜎 − Γ): ∇𝑢̃ + ∇. [

(𝜇 + 𝜇𝑇)

𝑃𝑟𝑘
∇𝑘̃] − 𝜌̅𝜀̃

+ 𝑊𝑠̅̅ ̅̇̅  

(3.11) 

 𝜕𝜌̅𝜀̃

𝜕𝑡
+ ∇. (𝜌̅𝑢̃𝜀̃) = − (

2

3
𝑐𝜀1 − 𝑐𝜀3) 𝜌̅𝜀̃∇. 𝑢̃ + ∇. [

(𝑣 + 𝑣𝑡)

𝑃𝑟𝜀
∇𝜀̃] 

+
𝜀̃

𝑘̃
(𝑐𝜀1(𝜎 − Γ): ∇𝑢̃ − 𝑐𝜀2𝜌̅𝜀̃ + 𝑐𝑠𝑊𝑠̅̅ ̅̇̅ ) 

(3.12) 

where 𝑊𝑠̅̅ ̅̇̅  represents the negative dispersing rate of turbulent eddies with the spray 

droplets. The values of 𝑃𝑟𝑘, 𝑃𝑟𝜀 , 𝑐𝜀1, 𝑐𝜀2, 𝑐𝜀3 are listed in Table 1. 
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Table 1. Values of the model constants. 

 𝑪𝝁 𝒄𝜺𝟏 𝒄𝜺𝟐 𝒄𝜺𝟑 1/

𝑷𝒓𝒌 

1/

𝑷𝒓𝜺 

𝜼𝟎 𝜷 

Standard 𝜅 − 𝜀  0.09 1.44 1.92 -1.0 1.0 0.769   

RNG 𝜅 − 𝜀 0.08

450 

1.42 1.68 𝑐𝜀3

=
−1 + 2𝑐𝜀2 − 3𝑚(𝑛 − 1) + (−1)𝛿√6𝑐𝜇𝑐𝜂𝜂

3
 

1.39 1.39 4.38 0.01

2 

3.3.2 Large-Eddy Simulation (LES) Method 

This method measures the individual flow realization. Unlike the RANS method, the 

LES method includes some unsteadiness and has smaller flow length scales. This 

method is employed to simulate only larger 3-D unsteady turbulent motions using the 

mesh resolution. In this method, the actual flow field resulted in the resolved flow field 

having a similar mesh size. LES methods do not require resolving flow scales lower 

than the filter size. The smaller filter mesh size resulted in the improved representation 

of turbulent flow-fields. The formulation between sub-grid scale (SGS) stress and flow 

field (filtered) strain rate is given by: 

 
Γ = −𝜌̅𝑣𝑠𝑔𝑠 [∇𝑢̃ + (∇𝑢̃)𝑇 −

2

3
(∇𝑢̃)𝐼] +

2

3
𝜌̅ 𝑘̃𝑠𝑔𝑠𝐼 

(3.13) 

The SGS viscosity, 𝑣𝑠𝑔𝑠, is formulated as: 

 𝑣𝑠𝑔𝑠 = (𝐶𝑠∆)2𝑆 (414) 

where ∆ represents the local mesh in CFD, S represents the amount of strain rate tensor 

filtered, and 𝐶𝑠 represents a model constant. 

The kinetic energy (𝑘̃𝑠𝑔𝑠) for sub-grid is given by: 
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 𝑘̃𝑠𝑔𝑠 = 𝐶1∆2𝑆2 (3.15) 

where 𝐶1represents a model constant. It can be seen that both 𝑣𝑠𝑔𝑠 𝑎𝑛𝑑 𝑘̃𝑠𝑔𝑠 are 

dependent on the size of the mesh (∆). The flux term (Ф) for the species transport is 

given as: 

 Ф = 𝜌̅𝐷𝑠𝑔𝑠∇𝑦̅𝑘 (3.16) 

where 𝐷𝑠𝑔𝑠 represents the SGS turbulent diffusivity.  

[68] has found that the dynamic structure has the advantage of better predicting the sub-

grid stresses. Many researchers have validated the result of dynamic structure for the 

various flow problems [69], [70].  

3.3.3 Formulation for Chemical Kinetics  

The chemical kinetic mechanisms help in understanding the chemical reactions 

occurring during the combustion simulation. It characterizes the reaction rate and 

pathways that are associated with the change in the species concentration. [71] has 

formulated the detailed kinetic mechanism for reversible as well as irreversible 

reactions that involve k species, which is expressed as: 

 

∑ 𝑣′𝑘𝑖𝜒𝑘
 

⇔

𝐾

𝑘=1

∑ 𝑣′
𝑘𝑖𝜒𝑘 (𝑖 → 1, … , 𝐼)

𝐾

𝑘=1

 

(3.17) 

The relation between the production rate (𝜔𝑘𝑖) and progress rate (𝑞𝑖) for kth species in 

the ith reaction is given by: 

 𝜔𝑘𝑖 = (𝑣′′
𝑘𝑖 − 𝑣′

𝑘𝑖)𝑞𝑖 (𝑘 → 1, . . , 𝑘)̇  (3.18) 
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The ANSYS Chemkin-pro present in Forte has the chemistry solver. The chemical 

source term (𝜌𝑘
𝑐̇ ) is given as: 

 

𝜌𝑘
𝑐̇ = 𝑊𝑘 ∑ 𝜔̇𝑘𝑖

𝐼

𝑖=1

 

(3.19) 

where 𝜔𝑘𝑟 represents the integration production rate for the entire reactions.  

The heat release rate is given by: 

 

𝑄̇𝑐 = − ∑ 𝑄𝑖𝑞𝑖 = ∑ ∑(𝑣𝑘𝑖
" − 𝑣𝑘𝑖

′ )(∆ℎ𝑓
0)

𝑘
𝑞𝑖

𝐾

𝑘=1

𝐼

𝑖=1

𝐼

𝑖=1

 

(3.10) 

where (∆ℎ𝑓
0)

 
 represents the heat of formation for species “k” at zero degrees Kelvin. 

3.3.4 Turbulent-Kinetics Interaction Model  

The turbulent effects on combustion kinetics are modeled using the Turbulent-Kinetics 

Interaction Model. It is characterized by the mixing time-scale model that includes 

partly controlled combustion chemistry. The controlling of combustion chemistry is 

achieved using the disintegration of turbulent eddies that occurs because of improper 

fuel-oxidizer mixing during the combustion process. The effective rate of production 

for species “k” is given by: 

 
𝜔𝑘,𝑒𝑓𝑓 =

𝑌𝑘,𝐸𝑄 − 𝑌𝑘

𝜏𝑒𝑓𝑓
 

(3.11) 

where the relation between the effective time scale (𝜏𝑒𝑓𝑓), chemical time sale (𝜏𝑐ℎ𝑒𝑚) 

and turbulent scalar mixing (𝜏𝑚𝑖𝑥) by: 

 𝜏𝑒𝑓𝑓 = 𝜏𝑐ℎ𝑒𝑚 + 𝜏𝑚𝑖𝑥 (3.12) 
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𝜏𝑚𝑖𝑥 = 𝐶𝑡𝑘𝑖𝜏𝑡𝑢𝑟𝑏 = 𝑐𝑡𝑘𝑖

𝑘

𝜀
 

(3.13) 

The relation between 𝜔𝑘,𝑒𝑓𝑓 and 𝜔̇𝑘 is given by: 

 
𝜔𝑘,𝑒𝑓𝑓∆𝑡 = 𝑌𝑘

𝑛+1 − 𝑌𝑘
𝑛 =

𝜏𝑐ℎ𝑒𝑚𝜔̇𝑘∆𝑡

𝜏𝑒𝑓𝑓
=

𝜏
𝑐ℎ𝑒𝑚(𝑌𝑘

𝑘𝑖𝑛−𝑌𝑘
𝑛)

𝜏𝑐ℎ𝑒𝑚 + 𝜏𝑚𝑖𝑥
 

(3.14) 

The effective rate of species production used in kinetic integration is given by: 

3.4 Discretization Methods 

3.4.1 Discretization - Governing Equations 

This is done based on the control volume approach by considering the system as spatial 

coordinates. This approach allows accurate solutions with respect to time. In this, 

further discretization of the equations is performed using the “operator-splitting 

method”.  

3.4.2 Temporal Differencing Method 

Temporal differencing allows integrating the equations with respect to time. For this, a 

three-stage approach is utilized for a given time step.  

1. Stage 1- In this stage, the chemistry, as well as spray source terms solutions are 

calculated based on the Lagrangian coordinates. This stage involves the 

movement of fluid and sprays droplets with the cells that undergo the process 

of collision and breakup.   

 𝜔𝑘,𝑒𝑓𝑓 =
𝜏𝑐ℎ𝑒𝑚

𝜏𝑒𝑓𝑓
𝜔̇𝑘 (3.15) 
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2. Stage 2- In this stage, the terms related to the acoustic mode, mass, momentum, 

and energy-diffusion, and spray momentum are calculated in addition to the 

turbulence equations.   

3. Stage 3- In this stage, the preserved flow field is relocated on the revised 

computational mesh as the wall started its motion. This stage is also named as 

rezone stage because the second stage mesh is shifted to the revised-mesh to 

obtain the solutions for convective transport.  

3.4.3 Spatial Differencing Method 

This method includes the hexahedrons meshing for the 3D geometries [72], [73]. The 

computational mesh includes the spatial regions composed of a cell, with the corners 

cells known as vertices. The motion of the piston and valve is achieved through the 

movement of the vertices in a defined manner., the differencing of momentum 

equations is done using the momentum cell. The primary velocities allocated at the 

vertices are given by:  

 𝑢𝑖𝑗𝑘 = 𝑢(𝑥𝑖𝑗𝑘, 𝑢𝑖𝑗𝑘 , 𝑧𝑖𝑗𝑘) (3.16) 

and, the thermodynamic quantities are primarily located at the cell centres as: 

 𝑄𝑖𝑗𝑘 = 𝑄(𝑥𝑖𝑗𝑘
𝑐 , 𝑦𝑖𝑗𝑘

𝑐 , 𝑧𝑖𝑗𝑘
𝑐 ) (3.17) 

where 𝑄 = 𝑝, 𝜌, 𝑇, 𝐼, 𝑜𝑟 𝜌𝑘 as well as 𝑘 𝑎𝑛𝑑 𝜖.  

3.5 SIMPLE Method 

In ANSYS Forte, the algebraic finite-volume equations are solved using the implicit 

methods that are obtained from the differencing methods. The benefits of using the 

implicit methods are, 



Some studies on engine combustion, emission, and spray characteristics of a CRDI diesel 
engine with variable nozzle geometry using ANSYS                                                                   47 

1. During the calculation of unsteady or transient flows, the temporal accuracy 

instead of stability constraints limit the time-step size desired. 

2. The large time steps can be used to quickly achieve steady states when temporal 

accuracy is not desired. 

ANSYS Forte uses a modified SIMPLE method. It involves a two-step iterative 

approach to obtain the solutions of the flow-field variable. The need for velocities 

calculation at each time step is fulfilled through iterative time-advance pressure 

gradients that employ acceleration and velocities obtained from the pressure 

calculation. Similarly, this method solves the temperature from the calculated pressure. 

3.5.1 Convective Flux Discretization 

In the ANSYS Forte, convective terms are calculated using the explicit time-step sub-

cycling that provides computational efficiency over the implicit methods. 

.3.5.2 Chemistry Solver 

The ANSYS Forte can simulate the real mechanism of fuel combustion involving a 

large number of species and reactions with time effectiveness. This is possible due to 

the presence of a chemistry solver which includes unique solver components. The 

ANSYS Forte applies an advanced solution approach that substantially enhances the 

chemistry solution efficiency. 

3.6 Spray and Break-up Models 

In ANSYS Forte, different mathematical models are employed to calculate the spray 

mechanisms. The nozzle flow model determines the initial spray conditions while the 

KH-RT model determines the droplet break-up process. The models used to determine 

the nozzle sub-process provide the benefit of lesser dependency on the mesh size and 

time-step size.  
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3.6.1 Nozzle Flow Model 

This model determines the instantaneous flow conditions across the nozzle that 

describes the initial conditions for the spray. The mean flow velocity of the liquid fuel 

entering the nozzle is given by: 

 
𝑈𝑚𝑒𝑎𝑛 =

𝑚̇

𝜌𝑙𝐴
=

4𝑚̇

𝜌𝑙𝜋𝐷2
 

(3.18) 

 

Figure 3.2. Flow-through nozzle passage [74] 

The value of the mass flow rate given in equation (3.18) is smaller than the value of 

mass flow rate calculated using the Bernoulli Equation. This is due to the losses that 

occur because of acceleration of fuel, inlet velocity profile, wall friction, and expansion 

through the narrowest region (vena-contracta). To compensate for this loss, the 

discharge coefficient (𝐶𝑑) is accounted which is given by: 

 
𝐶𝑑 =

𝑈𝑚𝑒𝑎𝑛

√2(𝑝1 − 𝑝2)/𝜌1

 
(3.19) 

where 𝑝1𝑎𝑛𝑑 𝑝2 are the pressure at locations 1 and 2 respectively as given in Figure 

3.2. The inlet pressure 𝑝1, for turbulent flows is given by: 

 
𝑝1 = 𝑝2 +

𝜌1

2
(

𝑈𝑚𝑒𝑎𝑛

𝐶𝑑
)

2

 
(3.20) 
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The aerodynamic model determines the nozzle spray angle in combination with 

Taylor’s analysis approach. It includes the analysis of the high-speed liquid break-up 

because of the variable growth of surface waves that result in the shedding of the liquid. 

The spray angle (𝜃) is given as: 

 

tan
𝜃

2
=

4. 𝜋

𝐴
. √

𝜌𝑔

𝜌𝑙
. 𝑓(𝑇) 

(3.21) 

where A=C(L/D). The function 𝑓(𝑇) is given by: 

 
𝑓(𝑇) =

√3

6
. (1 − exp (−10. 𝑇)) 

(3.22) 

 
𝑇 = (

𝑅𝑒

𝑊𝑒
)

2

.
𝜌𝑙

𝜌𝑔
 

(3.23) 

3.6.2 Kelvin-Helmholtz / Rayleigh-Taylor (KH/RT) Break-up Model 

It is a hybrid model which determines the process of spray atomization and droplet 

break-up [75], [76]. Figure 3.3 defines the working principle of the KH/RT break-up 

model in the ANSYS Forte. The KH model is applied for a specified length, known as 

the Break-up Length, measured from the tip of the nozzle (shown by region A). In this 

region, smaller droplets of the fuel get strips that are represented by parent parcels or 

“blobs”. After the break-up length, both the KH and the RT models are applied to 

measure the secondary breakup process (shown by region B).  
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Figure 3.3. KH/RT break-up model for solid cone sprays [77]. 

 

3.6.3 KH Break-up Model 

This model determines the primary breakup region of the fuel jet. It involves linear 

stability analysis which explains the disturbances that occur at a liquid-gas interface. 

For this, the model uses a Fourier series that allows the analysis of the break-up process. 

The rapid growth-rate of wave (Ω𝐾𝐻) and its wavelength (Λ𝐾𝐻) are given by: 

 Λ𝐾𝐻

𝑟𝑃
= 9.02

(1 + 0.45𝑍0.5)(1 + 0.4𝑇0.7)

(1 + 0.87𝑊𝑒𝑔
1.67)

0.6  
(3.24) 

 
Ω𝐾𝐻 [

𝜌𝑙𝑟𝑝
3

𝜎
]

0.5

=
(0.34 + 0.38𝑊𝑒𝑔

1.5)

(1 + 𝑍)(1 + 1.4𝑇0.6)
 

(3.25) 

where 𝑟𝑝
  represents the jet radius and 𝜎 represents the surface tension.  

The Weber number (𝑊𝑒𝑔
 ) is given by: 

 
𝑊𝑒𝑔

 =
𝜌𝑔𝑈𝑟𝑒𝑙

2 𝑟𝑝

𝜎
 

(3.26) 

The radius of the new droplet formed during the primary break-up process is given by: 

 𝑟𝑐 = 𝐵𝐾𝐻Λ𝐾𝐻 (3.27) 

where 𝐵𝐾𝐻 represents the size constant. 
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The “blob injection” concept used in ANSYS Forte represents the injection of liquid-

jet as an injection of parcels of blobs having a size similar to the effective nozzle 

diameter. The rate of change of parent droplet radius is expressed as: 

 𝑑𝑟𝑝

𝑑𝑡
= −

𝑟𝑝 − 𝑟𝑐

𝜏𝐾𝐻
 

(3.28) 

The breakup time (𝜏𝐾𝐻) is given by: 

 
𝜏𝐾𝐻 =

3.726𝐶𝐾𝐻𝑟𝑝

Λ𝐾𝐻Ω𝐾𝐻
 

(3.29) 

where 𝐶𝐾𝐻 represents the time constant. 

The KH break-up model utilizes the two-step approach as shown in Figure 3.4. The 

first step involves the gradual reduction of parent droplet size (𝑟𝑝) while the second step 

involves the formation of newer child parcels (𝑟𝑐). The droplet numbers are assumed to 

be constant before and after the breakup. The droplet number (𝑛𝑐) for child parcel and 

droplet size (𝑟𝑝
𝑛𝑒𝑤) for the parent parcel can be determined using two approaches: 

I approach: It is based on the assumption that the parcel droplet size (𝑟𝑝
𝑛𝑒𝑤) is similar 

to the split child parcel (𝑟𝑝
′) size. 

 
𝑛𝑐 =

𝑛𝑝(𝑟𝑝
3 − 𝑟𝑝

′3)

𝑟𝑐
3  

(3.30) 

II approach: This approach is based on the assumption that the SMD of the parent 

parcel is similar to the split child parcel. However, this approach resulted in a lower 

rate of brake-up with larger SMD. 

 𝑛𝑝
′ 𝑟𝑝

′3 = 𝑛𝑐𝑟𝑐
3 + 𝑛𝑝( 𝑟𝑝

𝑛𝑒𝑤)
3
 (3.31) 

 𝑛𝑝( 𝑟𝑝
𝑛𝑒𝑤)

3
+ 𝑛𝑐𝑟𝑐

3

𝑛𝑝( 𝑟𝑝
𝑛𝑒𝑤)

2
+ 𝑛𝑐𝑟𝑐

2
 

(3.32) 

𝑟𝑝
′ =The two equations can be combined into one for 𝑟𝑝

𝑛𝑒𝑤 as: 
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 𝑛𝑝( 𝑟𝑝
𝑛𝑒𝑤)

2
(𝑟𝑝

𝑛𝑒𝑤 − 𝑟𝑐) = 𝑛𝑝
′ 𝑟𝑝

′2(𝑟𝑝
′ − 𝑟𝑐) (3.33) 

 

Figure 3.4. Two-step approach in the KH breakup model [74]. 

3.7 Simulation of Diesel Engine 

The diesel combustion is simulated between the closing of the inlet valve to the opening 

of the exhaust valve. This is done because of the presence of exhaust gas-fuel mixture 

having a homogeneous nature just before the fuel injection. Also, the pattern for fuel 

injection nozzle holes is taken symmetry that depends on holes number. ANSYS Forte 

provides the advantage of utilizing the cylinder periodicity and hole pattern by 

representing a full geometry as a sector. In the current study, an eight-hole injector is 

simulated using a sector of 45°. The main advantage of using a sector of 45° is its 

smaller size that makes the simulation run faster than it would be with a 360° mesh.  

3.7.1 Numerical Set-up 

After defining the mesh, the models and solver options are set up using the ANSYS 

Forte. The simulation was carried out for a single-cylinder, four-stroke diesel engine 

running at a uniform speed of 1500 rev/min. The diesel fuel used in this simulation is 
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n-decane (𝐶10𝐻22) having properties similar to the diesel used during the experimental 

analysis. The different CFD sub-models used in the simulation of the engine are given 

in Table 2 with their physical significance.  

Table 2: CFD sub-model 

Physical 

phenomenon 

Sub-model 

Turbulence RNG 𝜅 − 𝜀 model [78] 

Wall heat transfer Model of Han and Reitz [79] 

Spray breakup Blob-Injection model [80] 

Spray drag Dynamic drag model [80] 

Spray ignition Shell model [81] 

Combustion Princeton combustion model [82] 

NOx formation Extended Zeldovich mechanism [83] 

 

The specifications of the fuel injection system for the simulation of the engine are given 

in Table 3.  

Table 3: Specification of Fuel Injection System 

Nozzle hole diameter Base- 0.20mm, Modified- 0.26mm & 0.30mm 

Spray angle  125° 

Start of Injection 22.5° bTDC 

Discharge coefficient 0.7 (for all the three-injector nozzle) 

 

3.7.2 Initial and Boundary Conditions 

The simulation using the ANSYS Forte required the initial values for all the variables 

and fluid properties. The boundary conditions used in the simulation of the engine 
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include the injection pressure and fixed wall temperature. The values of initial and 

boundary conditions are given in Table 4.   

Table 4. Initial and Boundary Conditions 

Intake temperature 362 K 

Injection fuel temperature 368 K 

Intake pressure  2.215 bar 

Piston temperature 500 K 

Head temperature 470 K 

 

3.7.3 Grid-Independence Test 

[84] performed the numerical study in which the author has calculated the grid-

independent solution using the in-cylinder pressure trends. The author has found that 

the grid refinement has no major effect on the result obtained so the results are 

considered independent of the grid. Thus, the current study is conducted using the 

second refinement level. Three different injector nozzle diameters are considered, i.e., 

0.20mm, 0.26mm (base), and 0.30mm each having 8 numbers of the holes with 1250 

included spray angles. Figure 3.5 shows the computational grid for the starting of the 

compression stroke.  
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Figure 3.5. Computational Grid for Starting of Compression Stroke. 

3.8 Selection of Test Engine 

In the present study, the experimental analysis was performed on a single-cylinder, four 

strokes, CRDI-VCR diesel engine, running with a constant speed of 1500 rpm while 

developing 3.5 KW power and connected to an eddy current-based dynamometer. The 

engine specifications are provided in Table 5. The engine is capable of withstanding 

high pressure and is majorly employed in agriculture and industrial sectors. A test setup 

has the necessary instruments for the measurements of combustion pressure, 

temperature, load, fuel and air-flow, and crank-angle. The setup consists of the 

electronic control unit modeled Nira i7r that controls the solenoid injector. The injector 

can be driven using programmable ECU software and a calibration cable. The signals 

generated by the instruments are transferred to the computer using a high-speed data 

acquisition device. The cooling water is circulated in the water jacket using the pump 
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for engine cooling. Rotameters are used to measure the cooling water and calorimeter 

water flow within the engine.  

Table 5. Test Engine Specifications 

Type of engine and model Single-cylinder, CRDI VCR, four-stroke, water-

cooled 

Stroke and Bore  110mm and 87.5mm  

Idle speed  1500 rev/min 

Injection Pressure Up to 120 MPa (Variable) 

Displacement Volume  661cm3 

Compression Ratio 12-18 

Rated Power 3.5 KW 

Type of Injector Common rail Injector - Electronically Controlled 

No. of Nozzle Holes 8 

NHD Base- 0.26mm, Modified- 0.20mm & 0.30mm  

SOI 22.50 bTDC 

 

An open ECU-Nira i7r (see Figure 3.6) is equipped with the engine setup that controls 

the diesel engine with the efficient common rail technology. For monitoring the engine 

power, heat release, fuel consumption, and efficiencies of the diesel, a “Lab-VIEW” 

based EngineSoft software is used. With the application of this software, one can 

control the engine operating conditions. Advanced fuel injection systems and multiple 

injections can be achieved by using the Nira i7r. The EngineSoft in combination with 

the Nira i7r provides the system with having fast response time and effective control 

over the torque output.  
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Figure 3.6. ECU-Nira i7r Equipped with Engine Setup. 

3.9 Selection of Engine Test Parameters 

In this study, appropriate engine test parameters are selected judiciously. The testing of 

the engine was done in accordance with IS: 10000. The various test parameters that 

were selected for the analysis are given as: 

1. Engine load 

2. Engine speed 

3. Fuel consumption rate 

4. Temperature 

5. In-cylinder pressure 

6. NOx emissions 

7. Heat release rate 

8. Combustion duration 
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3.9.1 Measurement of Engine power 

The brake power (BP) is considered the most crucial parameter in CI engine testing. In 

the present analysis, the engine employed is connected to an eddy current dynamometer 

(see Figure 3.7) through a flexible coupling. The dynamometer was employed for 

loading the engine and measuring the brake power at each load.  

 

Figure 3.7. Eddy Current Dynamometer. 

An eddy current dynamometer includes a stator and a rotor. The stator consists of 

permanent magnets whereas a disc of copper or steel is placed in a rotor. The rotor is 

connected to the engine shaft using the coupling. The electromagnets get energized by 

passing the current through them when the engine is loaded. As the rotor rotates, the 

eddy current is generated in the electromagnets that produce a magnetic field. This field 

opposes the rotor movement which loaded the engine. The amount of heat generated 

during the loading is carried away by the water passed through the dynamometer. The 

torque measurement is done through the moment arm and load cell type strain gauge 

that is employed in the dynamometer. By regulating the current in electromagnets, the 
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loading in the eddy current dynamometer is controlled. The engine brake power was 

displayed both on the control panel and the EngieSoft software. The calculation of 

brake power was done according to the following equation: 

 
𝐵𝑃 =

2 ∗ 𝜋 ∗ 𝑁(𝑟𝑝𝑚) ∗ 𝑇𝑜𝑟𝑞𝑢𝑒(𝑁 − 𝑚)

60 ∗ 1000
 

(3.34) 

3.9.2 Measurement of Engine Speed 

The different rpm indicators are employed to measure the engine speed through a 

photosensor that generates the voltage pulses. The voltage pulses are sent for the 

conversion and the engine speed is displayed with an accuracy of ±1 𝑟𝑝𝑚. The engine 

speed was also displayed both on the control panel and the software. 

3.9.3 Measurement of Fuel Consumption Rate 

In the present study, only higher loads values are considered. However, the quantity of 

fuel consumed was measured at each load. The measurement of fuel consumption rate 

is done based on volume by utilizing a glass tube (burette) attached to the panel board 

and a stopwatch. The fuel consumption rate is calculated by considering the time taken 

for 10cc of the fuel consumed. 

3.9.4 Measurement of Temperature 

In the present study, Radix made, RTD type, PT100 (Type K) thermocouples made of 

chrome-alumel were utilized that is connected to a six-channel digital indicator to 

measure intake temperature, exhaust gas temperature, coolant water in and out 

temperature, and calorimeter water inlet and outlet temperature. The temperature 

indicator has been calibrated periodically by a millivolt source up to 800°C. 

3.9.5 Measurement of In-cylinder Pressure 

The in-cylinder pressure is measured using a piezoelectric transducer of “Kubeler” 

make. The signals obtained from the piezoelectric transducer were directed towards a 
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charge amplifier that amplifies the obtained signals and minimizes the signal noise. The 

signals are then directed to the data acquisition system which in combination with the 

signals obtained from the crank-angle encoder produces the pressure versus crank angle 

graph in the EngieSoft software. The pressure data were obtained for each crank angle 

degree rotation. In the present study, an average of fifty continuous cycles was 

considered for obtaining the in-cylinder pressure against the crank angle.  

3.9.6 Calculation of Heat Release Rate 

As the engine efficiency, power output, and emissions are greatly influenced by the 

heat release phenomenon, calculating the heat release rate during the combustion 

process is of great significance. Many researchers have performed the investigation 

using different models for determining the heat release rate. However, in the present 

study, the model utilizing the Ist law of thermodynamics is employed that is described 

in [25]. The model is a single-zone model which means there is no distinction between 

the burned and unburned zones present inside the cylinder at the time of combustion. 

Although multiple-zone models exist, the single-zone model is used instead of the 

multi-zone model as it provides the track of the unburned and burned areas for 

calculating the heat transfer. It was found in the previous studies that employing the 

multi-zone model does not offer larger benefits because of the uncertainties in defining 

the zones evolution [85]. The heat release rate is given by: 

 𝑑𝑄

𝑑𝜃
=

1

𝛾 − 1
𝑣

𝑑𝑃

𝑑𝜃
+

𝛾

𝛾 − 1
𝑃

𝑑𝑣

𝑑𝜃
−

𝑑𝑄𝑤

𝑑𝜃
 

(3.35) 

where 
𝑑𝑄

𝑑𝜃
 represents the AHRR (𝐽/°𝐶𝐴), P represents the in-cylinder pressure (bar), 𝛾 

represents the ratio of specific heat, and 𝑣 represents the volume of a cylinder (𝑚3), 𝜃 

represents the crank angle (°), 
𝑑𝑄𝑤

𝑑𝜃
 represents the rate of heat transfer from the wall 

(𝐽/°𝐶𝐴).  
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3.10 Modification of Fuel Injection System (FIS) 

The fuel injection system used in the engine is an electronically-controlled solenoid-

operated common rail injector with a pressure sensor and pressure regulating valves. 

[3], [86] has found that the FIS significantly influences the flow process inside the 

combustion chamber. The main work of the FIS is to deliver the fuel in an appropriate 

quantity to the engine. The demand for the fuel in an engine depends upon its speed and 

load at every cycle. Therefore, another role of the FIS is to make sure that the engine 

will run smoothly and economically. The fuel is injected into the combustion chamber 

through single- or multi-holes present at the tip of the nozzle injector. The large pressure 

difference across the nozzle orifice delivers the fuel into the combustion chamber. [87] 

has found that the higher injection pressure resulted in improved spray characteristics 

in a diesel engine. The higher injection pressure assists in the proper atomization of the 

fuel injected into the combustion chamber because of its high velocity. The schematic 

representation of the FIS is shown in Figure 3.8. The fuel is delivered to the injector 

nozzle from the fuel tank at high pressure with the help of the supply pump. The leftover 

fuel is sent back to the fuel tank. The important component of the FIS is the injector 

nozzle. The injector nozzle employed in the present study has a diameter of 0.20mm, 

0.26mm, and 0.30mm, each having 8 holes and 125° included spray angle. The base 

injector nozzle has a 0.26mm hole diameter while the modified injector nozzles have 

0.20mm and 0.30mm hole diameter. The base nozzle used in the study is shown in 

Figure 3.9. The engine operates with a uniform speed of 1500 rev/min with constant 

fuel consumption of pure diesel and has a compression ratio of 17.5:1.  
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Figure 3.8. Schematic representation of a common-rail FIS. 

In an electronically controlled fuel injector, the timing and amount of fuel injected are 

controlled by the solenoid-operated valve. The closing of the solenoid valve causes high 

 

Figure 3.9. Nozzle (0.26mm nozzle hole diameter) equipped with an engine. 

injection pressure that starts the fuel injection while the opening of the solenoid valve 

lowers the injection pressure that stops the fuel injection. The fuel-injected quantity is 
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determined using the valve closure duration. The accurate prediction regarding the 

characteristics of the injected fuel in the injection system requires complex hydraulic 

models [25]. However, in the present study, an approximate estimation of the injection 

rate within the injector nozzle was considered. In this, the fuel flow is considered to be 

incompressible, one-dimensional, and quasi-static in nature. The fuel mass flow rate 

injected through the nozzle (𝑚𝑓)̇  is given by: 

 
𝑚𝑓̇ = 𝐶𝐷𝐴𝑛√2𝜌𝑓∆𝑝 

(3.36) 

where 𝐴𝑛 represents the minimum nozzle area, 𝐶𝐷 represents the discharge coefficient, 

𝜌𝑓 represents the fuel density, and ∆𝑝 represent the drop of pressure across the nozzle. 

However, when the pressure drop is constant for the fuel injection period, then the fuel 

mass flow rate injected through the nozzle is given by: 

 
𝑚𝑓̇ = 𝐶𝐷𝐴𝑛√2𝜌𝑓∆𝑝 

∆𝜃

360𝑁
 

(3.37) 

where ∆𝜃 represents the period for which the nozzle opens (in crank angle degrees) and 

𝑁 represents engine speed (in rpm).  

3.11 Experimental Trial Procedure 

Initially, with no load-condition, the engine was operated for some time fuelled with 

the neat diesel. After the engine achieved the steady-state condition, readings at each 

load were taken. The calibration of every instrument was done periodically. The 

injection pressure was set at 90 MPa throughout the experiments. The engine load was 

increased gradually to full load. However, for the present study, only the readings at 

full loads are considered. At the full load conditions, the fuel/air mass flow rate, coolant 

temperature, and NOx emission were recorded for the engine. For recording the in-

cylinder pressure versus crank-angle data, an average of fifty continuous cycles was 
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considered. The data were recorded using the data acquisition system and EngieSoft 

software.  

3.11.1 Test for finding the Optimized injection duration 

From the previous literature studies [88]–[90], it is found that varying the nozzle 

geometry varies the amount of fuel injected into the combustion chamber. Therefore, 

to compensate for this, an optimized injection duration was evaluated using the CFD 

analysis. This ensures the development of the same power for different injector nozzles 

in the engine The evaluation of the optimized injection duration was done based on 

maximum brake power obtained during the CFD analysis employing different nozzle 

hole diameters. To obtain the brake power, the simulation of the diesel engine was 

performed for varying injection durations (20°, 25°, and 30° crank angles) while the 

SOI was 22.5° bTDC. Table 6 shows the parameters tested using the numerical as well 

as experimental analysis.   

Table 6. Parameters For Finding Optimized Injection Duration 

Nozzle Hole 

Diameter (mm) 

SOI (°CA) Injection 

Duration (°CA) 

Engine Speed 

(rpm) 

0.20 22.5 20 1500 

25 1500 

30 1500 

0.26 22.5 20 1500 

25 1500 

30 1500 

0.30 22.5 20 1500 

25 1500 

30 1500 
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3.12 Instruments Accuracy and Uncertainty in Measurement 

The accuracy, as well as the uncertainty for the physical instruments used in this study, 

are shown in Table 7. All the instruments have higher accuracy.  

Table 7. Physical Instrument Accuracy 

Measurement Principle of 

Measurement 

Instrument 

Range 

Accuracy 

Pressure Piezoelectric 0-2000 bar ±1 𝑏𝑎𝑟 

Exhaust gas 

temperature 

RTD/K-type 

thermocouple 

0-1000 °C ±1 °𝐶 

Crank angle sensor Optical 0-720 °CA ±0.2 °𝐶𝐴 

Engine Load Load cell type strain 

gauge 

0-50 kg ±0.1𝑘𝑔 

Fuel Flow Transmitter DP transmitter 0-500 mm ±1% 

Whenever any quantity is measured, the results are always slightly different from their 

true values even when the experiments are performed carefully. This measurement error 

may either be systematic or random. The systematic error can be eliminated by adding 

the correction factor. However, the random errors cannot be easily predicted in advance 

and thus can only be statistically estimated. The random errors are observed in the result 

because of the multiple measurements for similar quantities under similar conditions. 

The uncertainty of the instrument is evaluated using the Gaussian distribution method. 

It has a confidence level of ±2𝜎. In the present study, the uncertainty is evaluated using 

the equation: 

 
∆𝑋 =

2𝜎𝑖

𝑋̅
∗ 100 

(3.38) 
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Experiments were conducted to evaluate the mean (𝑋̅) and the standard deviation (𝜎
𝑖
) 

of any measured parameter. From the measured parameter, the uncertainty is computed 

by the method given by [91]. 

Let R be the computed quantity from ‘n’ independent measured parameters.  

 𝑋1, 𝑋2, 𝑋3, 𝑋4 … … 𝑋𝑛  

 𝑅 = 𝑅(𝑋1, 𝑋2, 𝑋3, 𝑋4 … … 𝑋𝑛) (3.39) 

Uncertainty limits for the measured parameter are given by: 

 𝑋1 + ∆𝑋1, 𝑋2 + ∆𝑋2, 𝑋3 + ∆𝑋3, 𝑋4 + ∆𝑋4, … . 𝑋𝑛 + ∆𝑋𝑛  

The uncertainty limit for the computed parameter is given by 𝑅 + ∆𝑅  

The principle of the root-sum-squared method is employed for calculating the realistic 

error limits for any computed quantity based on several measured quantities. The 

uncertainty of given operating conditions can be calculated by: 

 
∆𝑅 = 𝑆𝑄𝑅𝑇 ((

𝜕𝑅

𝜕𝑋1
∗ ∆𝑋1)

2

+ (
𝜕𝑅

𝜕𝑋2
∗ ∆𝑋2)

2

+ ⋯ (
𝜕𝑅

𝜕𝑋𝑛
∗ ∆𝑋𝑛)

2

) 
(3.40) 

The overall uncertainty of the experiments was measured to be ±3.7%. 
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CHAPTER 4 

RESULT AND DISCUSSION 

4.1 Introduction 

ANSYS Forte CFD package utilizes the ANSYS Chemkin-Pro solver technology for 

the simulation that reduces the efforts spent on manual mesh preparation. Forte consists 

of Automatic-Mesh-Generation (AMG), Adaptive-Mesh-Refinement (SAM) solution, 

and geometry-based Adaptive-Mesh-Refinement (AMR). Forte utilizes the multi-

component models in combination with comprehensive spray dynamics without any 

effect on the simulation time [74]. The accurate simulation of combustion performance 

for any fuel is the major advantage of Forte. This ensures the engineers design the 

cleaner engine with higher efficiency, and fuel flexibility with lesser simulation time. 

The automatic mesh generator in Forte provides the benefits of analyzing the simulation 

design without generating any mesh.  

In the past, the use of the CFD model has proven to be a potential way for analyzing 

the in-depth characteristics of IC engines [92]–[94]. This chapter details the results of 

the numerical analysis for the combustion, emission, and spray characteristics with 

different nozzle hole diameters. The numerical investigation was carried on an ANSYS 

Forte CFD simulation package for the same engine and injection details as that of the 

experimental engine.  

4.2 OPTIMIZED INJECTION DURATION 

The two parameters used for the evolution of optimized injection duration are brake 

power and NOx emissions. The selection of optimized injection is done for the 

maximum brake power obtained for the engine. The optimized injection durations 
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obtained from the CFD analysis are 30° CA for 0.20 mm, 25° CA for 0.26 mm, and 20° 

CA for 0.30 mm. Later, the values of optimized injection duration from the CFD  

analysis are validated by operating the test engine with these values. The variation in 

the injection duration on the test engine was done using EngineSoft through the ECU-

Nira i7r attached to the test-engine setup. The results obtained from the experimental 

analysis are found within the range of the CFD results. This validated the optimized 

injection duration obtained from the CFD analysis. Also, the NOx emissions are found 

to be within the acceptable range for the evaluated optimized injection duration. The 

comparison for experimental and CFD analysis for different nozzle hole diameters at 

optimized injection duration is shown in Table 8. 

Table 8: Comparison for experimental-CFD analysis at optimized injection 

duration for different nozzle hole diameter 

(a) For brake power 

Nozzle hole 

diameter (in 

mm) 

Injection 

timing 

(°bTDC) 

Injection 

duration 

(°CA) 

Brake 

power (in 

KW) 

(CFD 

analysis) 

Brake power 

(in KW) 

(Experimental 

analysis) 

Error 

(in 

%) 

0.20 22.5 30 3.34 3.36 0.59 

0.26 22.5 25 3.30 3.34 1.19 

0.30  22.5 20 3.29 3.30 0.30 

(b) For NOx emissions 

Nozzle hole 

diameter (in 

mm) 

Injection 

timing 

(°bTDC) 

Injection 

duration 

(°CA) 

NOx (in 

ppm) 

(CFD 

analysis) 

NOx (in ppm) 

(Experimental 

analysis) 

Error 

(in 

%) 

0.20  22.5 30 318 320 0.63 

0.26 22.5 25 197 200 1.52 
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0.30 22.5 20 98 100 2.04 

 

4.3 VALIDATION OF NUMERICAL ANALYSIS 

Firstly, the validation of the results obtained from the CFD analysis is done on the basis 

of the result obtained from the experimental analysis. The validation of numerical 

analysis is done to predict the accuracy of the sub-model utilized in the study.   

4.3.1 COMPARISON OF NUMERICAL ANALYSIS AND EXPERIMENTAL 

ANALYSIS 

Figure 4.1 compares the CFD analysis and experimental analysis results of in-cylinder 

pressure obtained for (a) 0.20 mm, (b) 0.26 mm, and (c) 0.30 mm nozzle hole diameter 

respectively. Good compatibility was observed between the CFD analysis and 

experimental analysis for all the nozzle hole diameters used in the study. The 

experimental result of the peak in-cylinder pressure for 0.26 mm nozzle hole diameter 

is found to be 8.12 MPa. Whereas, the numerical analysis result of the peak in-cylinder 

pressure for 0.26 mm nozzle hole diameter is found to be 7.91 MPa. The minor 

differences are observed near 7.75° bTDC that is after the injection has started and at 

the peak pressure. Other than this, the CFD models showed good predictability over the 

entire crank angle interval. The reason for good compatibility may be the application 

of multi-zone models employed in the current study that offers a good representation 

of the spatial distribution of fuel-flow characteristics and temperature inside the 

combustion chamber.  

Figure 4.1 also compares the CFD analysis and experimental analysis of the apparent 

heat release rate for (a) 0.20 mm, (b) 0.26 mm, and (c) 0.30 mm nozzle hole diameter 

respectively. Similar to the in-cylinder pressure, the comparison for AHRR has also 
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shown good compatibility. The experimental result of the AHRR for 0.26 mm nozzle 

hole diameter is found to be 3.88 KJ/deg while the numerical analysis result of the 

AHRR for 0.26 mm nozzle hole diameter is found to be 3.58 KJ/deg. The presence of 

a chemistry solver in the ANSYS Forte predicted the absorption and release of heat 

during the reaction when the chemical species such as NOx and CO are dissociated and 

re-associated in the chemical reactions. The amount of heat that had been absorbed 

during the dissociation of the chemical species has been restored at the time of re-

association of the chemical species [11].  

The comparison for other nozzle hole diameters has also shown the variation similar to 

the 0.26 mm nozzle hole diameter. The relative error for numerical-experimental in-

cylinder pressure and AHRR obtained for different nozzle diameters at a particular 

crank angle degree is calculated to verify the authenticity of the results. The calculated 

relative error is shown in Table 9. 

Table 9. Relative error for numerical-experimental (a) In-cylinder pressure and 

(b) AHRR at a particular crank angle degrees. 

(a) In-Cylinder Pressure 

NHD (in 

mm) 

Crank Angle 

Degree (°CA) 

Experimental 

In-Cylinder 

Pressure (in 

MPa) 

Numerical In-

Cylinder 

Pressure (in 

MPa) 

% Error 

0.20 50 bTDC 6.87 6.57 4.34% 

 30 ATDC 8.81 8.61 2.27% 

0.26 50 bTDC 6.67 6.51 2.39% 

 30 ATDC 7.91 8.12 2.58% 

0.30 50 bTDC 6.60 6.40 3.03% 

 30 ATDC 7.79 7.59 2.56% 
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(a) AHRR 

NHD (in 

mm) 

Crank Angle 

Degree (°CA) 

Experimental 

AHRR (in 

MPa) 

Numerical 

AHRR (in 

MPa) 

% Error 

0.20 120 bTDC 1353 1257 7.09% 

 50 bTDC 3451 3247 5.91% 

0.26 120 bTDC 1447 1353 6.49 % 

 50 bTDC 3271 2991 8.56 % 

0.30 120 bTDC 1556 1444 7.19% 

 50 bTDC 2735 2593 5.19% 

 

 

(a) 
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(b) 

 

(c) 

Figure 4.1. CFD analysis and experimental analysis comparison for the in-

cylinder pressure and AHRR for (a) 0.20 mm nozzle hole diameter (b) 0.26 mm 

nozzle hole diameter, and (c) 0.30 mm nozzle hole diameter. 
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4.4 EFFECT OF NOZZLE HOLE DIAMETERS – NUMERICAL ANALYSIS 

The application of the CFD model has shown great potential for detailed analysis of the 

diesel engine characteristics having different operating parameters without any 

requirement for the experimental data.  

4.4.1 NUMERICAL INVESTIGATION OF THE ENGINE COMBUSTION 

CHARACTERISTICS 

4.4.1.1 In-cylinder Pressure  

The in-cylinder pressures for three nozzle hole diameters are portrayed in Figure 4.2. 

The peak in-cylinder pressure for 0.20 mm, 0.26 mm, and 0.30 mm nozzle hole 

diameter is found to be 8.61MPa, 7.91MPa, and 7.59MPa, respectively. Due to the 

formation of smaller size fuel droplets from the 0.20 mm nozzle hole diameter, the 

maximum peak for in-cylinder pressure is observed for this nozzle hole diameter. The 

smaller fuel droplets enhance the process of fuel atomization and vaporization which 

consequently results in better air-fuel mixing inside the combustion chamber. The 

improved mixing causes the air-fuel charge to combust properly which results in the 

elevated gas temperature. However, as the nozzle hole diameter increases, the peak in-

cylinder pressure decreases due to the formation of a relatively larger size of fuel 

droplets. Another interesting point to observe is the delayed ignition period for smaller 

nozzle hole diameter because of proper air-fuel mixing. The peak in-cylinder is 

observed to be reduced by 8.31% and 11.85% respectively, for 0.26 mm and 0.30 mm 

nozzle hole diameter as compared to 0.20 mm nozzle hole diameter.  

4.4.1.2 Apparent Heat Release Rate  

The variation of AHRR for three nozzle hole diameters is portrayed in Figure 4.2. The 

peak AHRR for 0.20 mm, 0.26 mm, and 0.30 mm nozzle hole diameters are found to 
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be 4.37 KJ/deg, 3.58 KJ/deg, and 2.95 KJ/deg, respectively. The formation of smaller 

fuel droplets from the 0.20 mm nozzle hole diameter causes proper air-fuel mixing and 

thus leads to rapid combustion of charge present inside the combustion chamber. This 

causes a maximum peak heat release rate for 0.20 mm nozzle hole diameter. However, 

as the diameter increases, the flatter and broader shape of the AHRR is observed. 

During the initial phase, a negative trend in the AHRR is observed because of the 

endothermic reaction of the fuel with high-pressure high-temperature air. As seen from 

the figure, the AHRR is observed to be reduced by 11.82% and 32.55%, respectively 

for 0.26 mm and 0.30 mm diameter compared to 0.20 mm nozzle hole diameter. The 

results obtained are similar to the findings in the previous literature [95], [96] where 

the smaller orifice resulted in rapid atomization of fuel, faster evaporation, and thus 

better fuel-air mixing. 

 

 

Figure 4.2. Peak In-cylinder pressure and AHRR for 0.20 mm, 0.26 mm, and 

0.30 mm nozzle hole diameter – Numerical Investigation 
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4.4.2 NUMERICAL INVESTIGATION OF THE ENGINE EMISSION 

CHARACTERISTICS 

4.4.2.1 Unburnt Hydrocarbon Emissions  

 

Figure 4.3. Variation of unburnt hydrocarbon emission for three different nozzle 

hole diameters. 

Figure 4.3 portrays the variation of unburned hydrocarbons emissions for three nozzle 

hole diameters. It can be seen that as the nozzle hole diameter increases, the 

hydrocarbon emission also increases. [97] has found that the hydrocarbon emissions 

increase with the increase in the fuel droplet size. An increase in the size of fuel droplets 

causes improper air-fuel mixing as well as improper evaporation that makes the injected 

fuel escaped from the combustion zone. This escaping from the combustion zone leads 

to incomplete combustion. From the figure, it was found that hydrocarbon emissions 

increased by 29.90% and 60.13%, respectively for 0.26 mm and 0.30 mm diameter 

compared to the 0.20 mm nozzle hole diameter. Also, the AHRR is higher for 0.20mm 
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nozzle hole diameter, which may also have led to lower hydrocarbon emissions. [96] 

has also found a similar trend for hydrocarbons with increasing nozzle hole diameters.   

4.4.2.2 Carbon Monoxide Emissions  

 

Figure 4.4. Variation of carbon monoxide emission for three different nozzle hole 

diameters. 

Figure 4.4 portrays the variation of CO emissions for three nozzle hole diameters. It 

can be seen that as the nozzle hole diameter increase, the CO emissions also increase. 

The CO emissions are formed due to the partial combustion of hydrocarbons 

compounds. The increase in the size of fuel particles results in the improper atomization 

of the fuel inside the combustion chamber. This forms the local fuel-rich zones inside 

the combustion chamber because of improper air-fuel mixing. This overall causes 

partial (incomplete) combustion. From the figure, it was found that CO emissions 

increased by 0.65% and 5.08% respectively for 0.26 mm and 0.30 mm diameter 

compared to the 0.20 mm nozzle hole diameter. The results obtained for hydrocarbons 

and CO emissions are similar to the findings in previous literature [95], [96]. 
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4.4.2.3 Nitrogen Oxide Emissions  

 

Figure 4.5. Variation of nitrogen oxide emission for three different nozzle hole 

diameters. 

Figure 4.5 portrays the variation of nitrogen oxides for three nozzle hole diameters. The 

decrease in the NOx emissions is observed for increasing nozzle hole diameters. The 

NOx formation can be influenced by the combustion temperature, availability of time 

for chemical reactions, and availability of oxygen-rich zones [98]. The reaction of the 

N molecule with the hydrocarbons radicals resulted in the formation of NOx emissions 

within the fuel-rich flame zone. Fuels containing nitrogen are also responsible for NOx 

formation. The extended Zeldovich mechanism is used to describe the process of NOx 

formation [99], [100]. From the figure, the decrease in NOx emissions was observed by 

about 41.18% and 70.58% respectively for 0.26 mm and 0.30 mm diameter compared 

to 0.20 mm nozzle hole diameter. Reduction in the premixed combustion period with 

increasing hole diameter causes the reduction in combustion temperature that reduces 

the NOx emissions formation. The larger fuel droplet size causes the reduction of the 
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ignition delay period thus minimizing the fuel-air mixing duration causing a lower rate 

of heat release during the initiation of the combustion process. [96], [97] has also found 

similar trends for NOx emissions with different nozzle diameters. 

4.4.3 NUMERICAL INVESTIGATION OF THE ENGINE SPRAY 

CHARACTERISTICS  

4.4.3.1 Liquid Penetration Length  

 

Figure 4.6. Variation of liquid penetration length for three different nozzle hole 

diameters. 

The liquid penetration length is the measure of the speed and the distance penetrated by 

the fuel spray inside the combustion chamber. It significantly affects the fuel-air mixing 

process by affecting air utilization. In some engines, the fuel spray is required to 

impinge on the cylinder wall that is at an elevated temperature in the presence of an air 

swirl. However, for muti-injection diesel engines, the over-penetration of the fuel spray 
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impingement on the wall is prevented. This resulted in the impingement of fuel on the 

relatively cooler wall surfaces. The over-penetration causes a lower rate of air-fuel 

mixing and thus increases the emissions caused due to unburned or partially burned 

species. On the other hand, under-penetration of the fuel spray resulted in improper 

utilization of air for mixing with the fuel. This is because the air present in the cylinder 

does not get in contact with the fuel. Due to this, a proper understanding of the 

penetration length is required for the fuel sprays. Figure 4.6 portrays the varying trend 

of liquid penetration length from the start of injection for three nozzle hole diameters. 

The results obtained are similar to the findings in previous experimental work [97]. The 

increase in the penetration length with the increased diameters confirms the effect of 

the breakup model used in the study. The larger nozzle hole diameter results in the 

formation of larger spray zone width and larger spray cone zone.  

4.4.3.2 Break-up Length  

The atomization process is a complex break-up phenomenon that consists of various 

spatial and temporal scales. One of the spatial scales is known as the break-up length 

that defines the length of the continuous fuel jet passing through the nozzle exit. During 

the atomization process, the spray disintegrates into the smaller droplets. To study this 

process, a better understanding of the break-up length is required. The basic mechanism 

of the atomization process is divided into the primary and the secondary atomization 

process [101]. 
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Figure 4.7. Variation of breakup length for three different nozzle hole diameters. 

The primary atomization initiated instantly just after the exit of the injector nozzle. 

During this process, various destabilizing forces act on the interface of the mixture 

resulted in the breaking up of the continuous stream of liquid into the different liquid 

fragments. At the downstream of the nozzle exit, the secondary atomization process 

occurs because of the interruption in the continuity of the liquid stream. This causes the 

liquid fragments to break further into the smaller droplets and continues till the stable 

droplets are formed. The break-up length is the measure of the spatial extent of the 

primary atomization process. Figure 4.7 presents the variation of break-up length from 

the start of injection for three nozzle hole diameters. The results obtained are similar to 

the findings in previous literature [102]. The similarity of the variation break-up length 

between simulation and experimental results shows that the gas jet break-up models are 

properly set. The variation in break-up length for different nozzle diameters confirms 

the effect of the breakup model used in the study.  

4.4.3.3 Sauter Mean Diameter (SMD)  
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Figure 4.8. Variation of SMD for three different nozzle hole diameters. 

The fuel is injected from the nozzle in the form of a spray that includes fuel droplets of 

varying sizes. The average size of these droplets is statistically calculated which is 

known as the SMD. [31] found that the size of the fuel droplets varies with the injection 

pressure, amount of fuel injected, and density of the air-entrained. The process of 

atomization ensures that the liquid fuel is disintegrated into the smaller droplets thus 

forming a larger surface area. This large surface area formation makes sure that the 

liquid fuel gets evaporated. The SMD is mathematically defined as the volume-to-

surface mean diameter that measures how effectively the liquid fuel undergoes the 

atomization process. The variation of the SMD from the start of injection for three 

nozzle hole diameters is portrayed in Figure 4.8. The result represents the transition of 

droplet size after the start of injection. The trend obtained for the SMD is similar to the 

findings in previous literature [103]. The smaller droplet size improves the atomization 

process that ensures the rapid vaporization of the fuel droplets. The rapid vaporization 

process improves the overall combustion process inside the cylinder. However, as the 
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nozzle hole diameter increases, the SMD also increases because of the formation of 

larger size fuel droplets. [101] has shown that lower combustion rates and longer 

combustion duration are observed when the SMD increases.  

4.3 Summary 

In this chapter, the combustion, emission, and spray characteristics of a diesel engine 

have been analyzed. The result shows that the RNG 𝑘 − 𝜀 𝑚𝑜𝑑𝑒𝑙 is able to predict the 

flow characteristics. The results obtained are also verified using the previous studies. 

The CFD simulations were performed for different nozzle hole diameters utilizing the 

same turbulent model. The spray model is also found to be effective in the study.  
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CHAPTER 5 

CONCLUSION AND FUTURE WORK 

5.1 CONCLUSION 

The present study utilizes the CFD simulation software to obtain accurate combustion, 

emission, and spray characteristics. The CFD model employed in the study includes the 

submodels such as turbulent model, spray break-up model, and combustion. The result 

shows that the CFD model employed in the study has effectively predicted the 

characteristics of the diesel engine.  

The conclusions from the research study are outlined as: 

1. The experimental results from the diesel engine have successfully validated the 

results obtained from the CFD. The relative error for in-cylinder pressure at 5 

°bTDC and 3°aTDC was found to be 2.39% and 2.58%, respectively, between 

the numerical and experimental analysis. The relative error for AHRR at 12° 

bTDC and 5 °aTDC was found to be 6.89% and 8.54%, respectively. The 

relative errors are found to be within the range.  

2. The CFD model has effectively predicted the in-cylinder pressure variation with 

respect to the crank angle for different nozzle hole diameters. The peak in-

cylinder pressure was found maximum for 0.20 mm nozzle hole diameter. Also, 

the peak in-cylinder reduced by 8.31% and 11.85% respectively, for 0.26 mm 

and 0.30 mm diameter as compared to 0.20 mm nozzle hole diameter.  

3. The CFD model has also effectively predicted the variation in the AHRR with 

respect to the crank angle for different nozzle hole diameters. The peak heat 

release rate was found maximum for 0.20 mm nozzle hole diameter. The peak 



Some studies on engine combustion, emission, and spray characteristics of a CRDI diesel 
engine with variable nozzle geometry using ANSYS                                                                   84 

heat release reduced by 11.82% and 32.55%, respectively for 0.26 mm and 0.30 

mm diameter compared to 0.20 mm nozzle hole diameter. 

4. The HC and CO emissions are found higher for larger nozzle hole diameter. The 

HC emissions are increased by 29.90% and 60.13%, respectively for 0.26 mm 

and 0.30 mm diameter compared to the 0.20 mm nozzle hole diameter. 

Similarly, the CO emissions increased by 0.65% and 5.08% respectively for 

0.26 mm and 0.30 mm diameter compared to 0.20 mm nozzle hole diameter. 

5. The NOx emissions are found lower for larger nozzle hole diameter. The NOx 

emissions are decreased by 41.18% and 70.58% respectively for 0.26 mm and 

0.30 mm diameter compared to the 0.20 mm nozzle hole diameter. 

6. The liquid penetration length, break-up length, and SMD of the diesel fuel are 

found to increase with the increase in the nozzle diameter.  

5.2 SCOPE FOR FUTURE WORK 

According to the result obtained from this study, the following recommendations can 

be outlined for future work: 

1. Future researchers can focus on using the ANSYS Forte module on other diesel-

like fuels and compare the result with the experimental results. 

2. The current CFD modeling approach can be used for simulating the engines 

running at different operative conditions and validate the result with the 

experimental results.  

3. The spray characteristics can further be analyzed using the ANSYS Ensight 

module which enables the visual analysis of the fuel spray at a different crank 

angle.  
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4. The increase in the NOx emissions with the increase in the nozzle hole diameter 

was observed for the present study. However, in the future, studies can also be 

carried out to reduce NOx emission using techniques such as EGR.   
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