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Preface 
 

An injection process is a common technical practice used in various fields of industry. 

It disperses liquid droplets evolving them into the output spray; the whole process is 

generated accordingly to the rules of break‐up  liquid stream phenomena. As a result 

the  surface  area  of  the  liquid  is  considerably  increased.  Also  the  area  covered  by 

injection borders can be  fast penetrated and uniformly  filled by  the  liquid. For  these 

reason  injection processes are used practically  in all energy  conversion  technologies 

that are based on combustion of  liquid  fuel, but also a gaseous and  loose  solid one. 

They permit fast fuel distribution, vaporization, and burning, and, consequently, rapid 

and efficient combustion. 

The same is valid and very important of internal combustion engine (ICE) operation. 

Thus  the  injection  processes  are  almost  solely  used  for  fuelling  the  combustion 

chamber of  ICE. Presently, due  to  the  intensive development  that has  taken place 

since 80ʹs of XXth century, both compression ignition and spark ignition engines are 

“injection” engines. Their injection system pattern consisting of highly efficient and 

strength  pumping  devices  together  with  complex  control  systems  and  reliable 

injector  units  generate  high  pressurized  and  fine  atomized  fuel  sprays which  are 

directly  injected  into  the  combustion  chamber. Particularly, diesel engine  injection 

systems  belong  to  the  true  state‐of‐the‐art  technology,  providing  the  pressure  of 

injection  up  to  200 MPa  and  accurate multi‐split  of  single  cycle  amount  of  fuel 

injected. Therefore it is possible to meet the restrictive exhaust emission legislations 

by the engines. 

The consecutive book of “Fuel  injection” series discusses the various fuel  injection 

issues  in  internal  combustion  engine  applications.  It  aims  to  present  research 

applied for better understanding current fuel injection hitches. Namely, chapters 1 

to  2  deal with  significance  of  physical  and  chemical  fuel  properties  to  injection 

system design and operation. Next two chapters – 3 to 4 – are focused on effects of 

fuel  injection parameters on engine emission and combustion,  including premixed 

charge  compression  ignition  (PCCI)  engine  operation  strategy.  The  last  two 

chapters 5 to 6 show the numerical studies for simulation injection processes. Some 

fuel parameters and injection system design factors are investigated, also with use 
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CFD  methods,  targeting  spray  penetration,  evaporation,  and  cavitation 

phenomena. 
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A Look at Development of Injection Systems  
for High-Speed Direct Injection (HSDI)  

Diesel Engines 
Kazimierz Lejda 

Rzeszów University of Technology 
Poland 

1. Introduction 
Current development of automotive industry is conditioned by the minimization of 
negative effects in relation to the environment. It results from the restrictions regarding 
exhaust emission limits which are introduced by the consecutive standards but it also 
guarantees market success of a given vehicle. Research carried out regarding customer 
preferences in UE countries have confirmed that during the purchase of a car they make 
decisions based on vehicle’s ecological properties and the safety of use in road conditions. 
Next follow such criteria as performance and durability, which has so far been dominant. 
The obtainment of desirable operational indices by diesel engine depends to a high degree 
from the injection systems applied in these engines. 

The recent years show the gradual and conspicuous progress in the development of 
structures and methods of control of injection systems in high-speed diesel engines 
designed for heavy duty vehicles. The stimulation of such progress is forced by the 
legislative norms and the market, as it often happens to technical equipment. In case of 
high-speed diesel engines these are the multi-aspect law regulations concerning overall 
environment impacts: the emission levels, noise spectrum and recycling compliance. On the 
other hand, the vehicle users expect the further minimization of operating costs, expressed 
mainly by the reduction of fuel consumption, maintaining the vehicle dynamic properties at 
the same time. The above circumstances caused significant acceleration of research and 
development work related to high-speed diesel engines. The improved environmental and 
operating parameters are determined by the process of formation and combustion of the 
fuel-air mixture. The process of creating the proper macro- and microstructure of the 
mixture is significantly affected by the fuel injection system; therefore the progress in this 
field is most conspicuous. 

2. Requirements towards high-speed diesel engine injection systems 
The operation of the piston combustion engine consists in the transformation of the chemical 
energy contained in the fuel supplied to the combustion chamber into the mechanical work 
received as the torque on the crankshaft end. In order to perform the chemical 
transformation into the mechanical work in a high-speed diesel engine, one should: 



 
Fuel Injection in Automotive Engineering 

 

2 

- supply air to the combustion chamber, 
- provide appropriate air-compression, in order to obtain temperature exceeding the fuel 

vapor self-ignition temperature, 
- supply appropriate amount of fuel to the combustion chamber, correspondingly to the 

engine load, 
- prepare appropriate structure of the fuel-air mixture, 
- induce self-ignition of the mixture, 
- transform the combustion gas pressure obtained as a result of combustion into 

mechanical work. 

The supply of fuel in an appropriate amount and its penetration and distribution inside the 
combustion chamber are included in the injection system task. It directly creates the quality 
of the mixture prepared and the rate of the combustion process, which in turn translates into 
operating and environmental parameters as well as the engine operation economy. Out of 
the numerous factors influencing the quality of the combustible mixture preparation and the 
proper combustion that are directly dependent on the injection systems, the following can 
be enumerated: 

- pressure and speed of the fuel injected, 
- beginning, duration and end of injection, 
- injection process and rate characteristics, 
- amount of a single fuel injection, 
- location of the fuel injected spray in the combustion chamber. 

The significance of the factors varies and is mainly related to the injection system (indirect of 
direct injection), type of combustion chamber and requirements related to a specific engine 
type. The optimization of the high-speed diesel engines requires the matching of the 
injection system parameters to the loads and engine speeds, inherently related to the 
operation of traction engines and varying in real time. The accomplishment of this task 
requires precise control over the injection process and the parameters of its rate. The basic 
requirements made towards the injection systems, that are to comply with the currently 
applicable standardization and homologation regulations concerning the purity of exhaust 
and noise of operation as well as the reduced fuel consumption, may include: 

- the possibility of controlling the injection process depending on the load, engine speed 
and engine temperature, 

- the possibility of adaptive change of fuel amount (injection rate) depending on the load, 
engine speed and engine temperature, 

- providing the optimum speeds of opening and closing of the nozzle needle and the 
needle lift values for the dynamically changing operating conditions of the engine, 

- possibility of creating appropriately high pressures of injection adapted individually to 
the current operating conditions of the engine, 

- providing the precise repeatability of the fuel amount injected in the particular 
cylinders and in the subsequent operating cycles, according to the current load, engine 
speed and thermal condition of the engine, 

- the possibility of application to various types of engines resulting from specific 
applications (passenger cars, trucks, railed vehicles, stationary equipment, etc…). 

In order to fulfill the requirements of the modern high-speed diesel engines, the injection 
systems must be electronically controlled. As the example of such systems is a widely used 
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common-rail system. It is pressure-accumulation system, where the fuel pumping process is 
functionally separated and does not affect an injection rate. Thus, the accumulation systems 
provide a flexible rate of injection at the request of a particular engine design and the 
amount of fuel injected. They allow a freely-set multiple injections towards lowering noise 
level of the engine and reduction of the exhaust emissions. The pressure obtained in the 
accumulation systems usually exceeds 160 MPa. 

3. Diesel injection systems development forecasts 
Everything indicates that the development of high-speed diesel engines in the nearest future 
shall still be determined by the gradual reduction of the exhaust emissions and reduction of 
noise, together with a simultaneous increase in fuel economy. These trends concerning the 
exhaust emissions reduction since the introduction of Euro 1 standard can be illustrated by 
the consequent Euro levels. The data analysis proves the dramatic changes in legislation 
limitations within relatively short time intervals. Obtaining a reasonable compromise 
between fuel economy and exhaust emissions, particularly in the scope of NOx and PM 
emission, is the most difficult challenge at present. Fuel consumption restriction is related to 
the reduction of CO2 emission – the supposed greenhouse effect cause. 

The further simultaneous reduction of fuel consumption and pollutant contents in the 
exhaust gases may only be achieved through the introduction of state-of-the-art supply 
systems combined with the change of the rate of the combustion process. The leading 
automotive manufacturers carry out intensive work on reduction of power losses and 
achievement of general efficiency of diesel engines approaching 50%. Reduction of friction 
and thermal losses is very important for decrease of fuel consumption and the level of 
exhaust emissions, nevertheless the optimum rate of the combustion process shall always 
remain decisive for obtaining the demanded results. Therefore, the present works 
concentrate mainly on the issues related to examine as many physicochemical phenomena 
conditioning the proper combustion as possible. The theoretical analysis and experimental 
research indicate that the nature of the rate of the combustion process should be 
conspicuously modified. Providing the desired heat release rate is principally conditioned 
by the rate of the injection process, controlled by the injection systems. The application of a 
multiple injection is necessary here. At present, a standard five-phase fuel injection is 
applied. Each phase performs a specific function before and after the main injection. The 
pilot injection affects the noise reduction due to the reduction of the combustion pressure 
acceleration dp/dφ. The pre-injection intensifies the combustion of PM particles in the 
filters, whereas the secondary injection increases of NOx conversion in the DENOx catalytic 
reactor. Particularly the pilot injection and its time interval from the beginning of the main 
injection is significant for the combustion process. Due to the required limits in pressure 
growth and heat release rate during the initial combustion phase, especially at partial loads, 
the noise NOx and smoke emission can also be reduced. 

The multiple fuel injection strategy requires the application of fast, new generation injectors. 
At the present stage of development such injectors are piezoelectric driven. They are 
characterized with shorter time of response than the electromagnetic injectors. The short 
response time enable to perform the multiple injections with very low level of fuel amount 
dispersion and with more accurate timing. Another characteristic of a piezoelectric injector 
are its much smaller dimensions. The further development of piezoelectric injectors (labeled 
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as IV generation injectors) provides the possibility of application of variable injection rate 
and fuel injection pressure around 250 MPa. The introduction of such injector is signalized 
by Bosch (so-called HADI system – Hydraulically Amplified Diesel Injector). 

4. Conclusion 
The automotive market, throughout the last few years, is subject to conspicuous changes in 
the scope of clients’ preferences. The sales of diesel engine cars gradually grow. Compared 
to the engine with spark-ignition, the diesel engine has a higher efficiency, lower fuel 
consumption and longer operation life. A diesel engine is much more easily adaptable to 
supercharging, which enables obtaining significant power gain without changing the stroke, 
displacement volume or engine speed. In a diesel engine that works with higher air-to-fuel 
ratio, the combustion is more efficient with lower carbon and hydrocarbons content in the 
exhaust gases. From the end user’s point of view, the most important effect is the operation 
cost economy as the diesel engines consume less fuel. To meet the present and future 
demands, the automotive manufacturers work over new designs and technologies in diesel 
engines and offer a wide range of car models fitted with such drive units. The development 
of high-speed diesel engines is explicitly guided by the direct injection strategy and growth 
of the fuel injection pressure, exceeding 200 MPa. Such tendency forced intensive research 
and development works over new generations of injection systems. They must provide such 
parameters of mixture and the rate of the combustion process that would be able to meet the 
future requirements related to pollutant emissions in the exhaust gases and reduction of 
CO2. These are the basic criteria determining the trends in the development and 
improvement of high-speed diesel engines and their injection systems but, in other hand, 
they signalize the scale of issues that the engineers and manufacturers of such devices must 
face. The classic injection systems cannot provide the proper rate of the injection process. 
Fulfilling the future requirements related to exhaust emissions and noise reduction 
combined with the fuel economy increase requires the absolute application of electronic 
control systems. This, in turn, is conditioned by the introduction of extended injection rate 
algorithms that may only be described by complicated 3D functional surfaces. The 
algorithms must also take into account the additional control parameters and functions and 
everything requires the strict application of adjusted values feedbacks. 

Undoubtedly, the present state-of-the-art accumulation fuel systems provide great features 
and control precision of the injection process, but this advantage alone would not be able to 
meet further demands for green engines; it seems that development of direct injection 
strategy is closed to the systematic limitations. It is necessary to combine various 
progression trends, both in design and technology domains. As anticipated, the combustion 
engine shall be the basic drive source in the next 30-40 years, so the issue of development 
directions of the injection systems remains still an open question. 
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Role of Emulsified Fuel in  
the Present IC Engines – Need of Alodine EC 

Ethanol Corrosion Resistant Coating  
for Fuel Injection System 

M. P. Ashok 
Department of Mechanical Engineering, FEAT, 

 Annamalai University, Annamalai Nagar, Tamil Nadu,  
India 

1. Introduction 
The present environment gets polluted day by day, due to the increase in industries, 
automobiles, etc., Eventhough, government has given strict rules and regulations against the 
environment pollution, practically there are lot of problems to implement the same by the 
users and production units, which leads to the result of global warming, acid rain, 
damaging of ozone layer affecting the green house effect and human health, etc. The 
pathetic information is that, the harmful pollutant does not allow the children also from 
their birth itself. 

Due to the depletion of fossil fuel and its dangerous harmful emissions, the entire universe 
has given much attention for identifying an alternate fuel for the current existing engine. 
Also the fuel to be identified must have the property of fuel to the current existing engine 
and much free from the harmful pollution, emitted by IC (Internal Combustion) engine. 
Based on that, many research works have been carried out. 

Present days emulsified fuel is much familiar for the IC Engines. Particularly ethanol based 
emulsion process fuels are much familiar, due to the depletion of fossil fuels. Entire universe 
has given much attention & many research works are going on based on the alternate fuel to 
the IC engines.  

Based on that, emulsification technique is one of the possible approaches to identify an 
alternate fuel. Particularly /presently, the bio fuel from ethanol addition to the fossil fuels, 
play a vital role to run the current existing IC Engine, with best performance and fewer 
harmful emissions. 

Presently the maximum blending of 50% Ethanol to 50% Diesel (50E: 50D), research work 
has been carried out by M.P.Ashok, academician, researcher and scientist {(in the field of 
Water-in-Oil) W/O–Emulsion} at Annamalai University, India, during the year 2007.  

Based on the test result of Phase-I, it is possible to run the engine at 50% blending of ethanol, in 
the normal fuel injection system for a single cylinder, DI (Direct Injection) oriented engine. 
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Another point to be noted in this case is that, the engine gives better performance but emits 
more harmful emissions, at the higher rate for the emulsified fuel than the diesel fuel. 

Further investigation has been carried out by the same author and identified the solution for 
reducing harmful emission by adding oxygen enriched additive Hydrogen Peroxide (H2O2) 
to the same emulsified fuel for increasing the cetane number of the fuel, with the selected 
emulsified fuel ratio of 50D: 50E.  

Based on the test result of Phase-II, it is possible to run the engine at 50% blending of 
ethanol, in the normal fuel injection system for a single cylinder, DI (Direct Injection) 
oriented engine. Also, point to be noted in this case is that, the engine gives better 
performance and poor harmful emissions for the oxygen enriched additive added 
emulsified fuel than diesel and surfactant only added emulsified fuel. 

Further investigation has been carried out by the same author, for selecting the best oxygen 
enriched additive among the three additives, namely Hydrogen Peroxide (H2O2), Di-Ethyl 
Ether (DEE) and Di-Methyl Ether (DME).  

Based on the test result of Phase-III, it is possible to run the engine at 50% blending of 
ethanol, in the normal fuel injection system. Points to be noted in this case is that, the engine 
gives better performance and poor harmful emissions, for the oxygen enriched additive 
added emulsified fuel than the diesel and surfactant only added emulsified fuel. 

Next research work has been carried out by the same author, introducing water as a fuel to 
the selected ratio of the emulsified fuel. Engine test report shows that, better performance 
and fewer emissions have been obtained.  

Continuation of Phase-IV results, it is understood that, the engine could be run with the 
selected best ratio of the emulsified fuel along with water addition (small volume of water 
directly added to the emulsified fuel). The outcome of the test result have been given that, 
best in performance, lower emission obtained by the water, surfactant, oxygen enriched 
additive added emulsified fuel. Normally ethanol addition based fossil fuel cost is less than 
the normal fossil fuel cost. Further addition of water to the emulsified fuel, reduces the cost 
of the fuel much more. So, considering the cost economics, water added emulsified fuel is 
good for present engine operation. 

The above mentioned outcome results, has given the details of best performance, poor 
harmful emissions and water addition using the best selected emulsified fuel ratio, based on 
ethanol addition. Also, it has been proved that the emulsified fuel is suitable for current 
existing engine.  

But considering the part of corrosion, fossil fuel is already having the property of corrosion. 
Moreover, as ethanol is basically corrosive in nature, addition of ethanol fuel makes the 
engine components further more corroded. Also, some of the research works have already 
proved that ethanol fuel makes the engine parts to get more damaged. 

Based on this, the present research work has been dealt for making Alodine corrosion 
coating for all the inner parts of the fuel injection system (normal fuel injection system used 
in the current (Internal Combustion) IC engine). The Alodine EC (Electro Ceramic) Coating 
the only and easy solution, which gives remedy for the corrosion caused by the emulsified 
fuel. This micro level Alodine coating based fuel injection system is much cheaper in cost 
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and will increase the life span of the current fuel injection system (single and common 
system) available in the exiting engines, which is running under emulsified fuel category.  

2. Role of emulsified fuel 
2.1 Need of alcohol to the IC engine  

Eugene Ecklund E., et.al, (1984), have given a detailed report on the concept of using alcohol 
fuels as alternative fuels to diesel fuel in diesel engine. They have also explained the 
different techniques for adding alcohol to the fossil fuels. In this case, blending of alcohol in 
the emulsion method has been clearly given and the merits and demerits of using alcohol as 
an alternate fuel are also explained. Their research has opened a whole new range of 
possibilities for using alcohols in transportation vehicles and has stated that the importance 
of this work will increase as the proportion of diesel-powered highway vehicles increases 
and as diesel fuel supply becomes more limited or degrades in quality. 

2.2 Use of ethanol in CI engine 

Ajav E. A. and Akingbehin O.A. (2002), have made a study on some of the fuel properties of 
ethanol blended with diesel fuel (six blends: 5, 10.15 . . .). Some properties have been 
experimentally determined to establish their suitability for use in CI engines. The results 
showed that both the relative density and viscosity of the blends decreased as the ethanol 
content in the blends has increased. Based on the findings of their report, blends with 5 
&10% ethanol content are found to have acceptable fuel properties for use as supplementary 
fuels in diesel engines.  

Alan.C.Hansen, et.al, (2004), have given a detailed review on ethanol-diesel fuel blends. 
They have stated that ethanol is an attractive alternative fuel because it is a renewable bio-
based resource and it is oxygenated, thereby providing the potential to reduce the emissions 
in CI engines. Also, the properties and specifications of ethanol blended with diesel fuel 
have been discussed. Special emphasis has been placed on the factor of commercial use of 
the blends. The effect of the fuel on engine performance, durability and emissions has also 
been considered. 

2.3 Use of surfactant to prepare the emulsified fuel 

Santhanalakshmi.J and Maya.S.I, (1997), state about Span-80 and Tween-80 as the two non 
ionic surfactants, which could be used for preparing the emulsified fuel. Micellisation of 
surfactants in solvents of low dielectric constant differs from those in aqueous media due to 
the differences in the solute-solute, solute-solvent and solvent-solvent interactions. They 
have also explained about the solvent effects of the non ionic surfactants. They have stated 
that surfactants in non aqueous and non polar solution form reverse in order the micelles 
with hydrophilic core. 

2.4 Selection of best emulsified fuel ratio 

M.P.Ashok., et al., (2007) have conducted a research to identify the best ratio from the 
emulsified fuel ratios and compare with diesel fuel, based on its performance and emission 
characteristics. Water–in–Oil type emulsion method has been implemented to produce the 
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emulsified fuel. Emulsified fuels have been prepared with different ratios of 50D: 50E (50 
Diesel: 50 Ethanol - 100% Proof), 60D: 40E, 70D: 30E, 80D: 20E and 90D: 10E. From the 
investigation, it is observed that the emulsified fuel ratios have given the best result than 
diesel fuel. Also, 50D: 50E has given the best performance result than the other emulsified 
fuel ratios and diesel fuel. It has been observed that there is reduction in Smoke Density 
(SD), Particulate Matter (PM) and Exhaust Gas Temperature (EGT) with an increase of 
Oxides of Nitrogen (NOx) and Brake Thermal Efficiency. 

2.5 Role of selected oxygen enriched additive in the emulsified fuel 

Cherng – Yuan Lin and Kuo-Hua Wang, (2004) have given their report on the effects of an 
oxygenated additive in the emulsion field. Emulsified fuel characteristics have also been 
discussed, after adding the additives. They have shown the oxygenated additive to the 
diesel fuel which improves the combustion characteristics of the diesel engines. For the 
purposes of comparison, the emulsification characteristics of the two phases of emulsified 
fuels with additive have been analyzed. The chemical structures, HLB values and specific 
gravity of the surfactants Span-80 and Tween-80, have been given in detail. Also, they have 
stated that the efficiency and combustion properties of the CI engine have been improved by 
adding oxygenated additives in the emulsified fuel. 

Mark.P.B.Musculus and Jef Dietz, (2005) have stated the effects of additives in the emulsion 
field on in-cylinder soot formation in a heavy duty DI diesel engine. Report states that the 
additives could potentially reduce in–cylinder soot formation by altering combustion 
chemistry. Chemical and physical mechanisms of the additives may affect soot formation in 
diesel engines. From the investigation, they have concluded that the effect of ignition delay 
on the soot formation and ethanol containing fuels display a potential for reduction of in – 
cylinder soot emission. 

2.6 Role of best selected additive in the emulsified fuel (performance and emission) 

M.P.Ashok., et., al., (2007) have studied about identifying an alternate fuel, for the current 
existing engines without any modification, with better performance and less emission. 
Emulsion technique is the best method to solve the above mentioned problems. Emulsified 
fuel with a surfactant is familiar nowadays. Addition of oxygen enriched additives in the 
emulsified fuels gives good results than the previous one. Usually NOx emission is high for 
the emulsified fuels, when compared with diesel fuel. But additive added emulsified fuels 
emit less NOx than diesel. Based on this, the present work has been carried out using 
oxygen enriched additives: Diethyl Ether (DEE), Hydrogen Peroxide (H2O2) and Dimethyl 
Ether (DME). The W/O type emulsion method is used to prepare the emulsified fuel. The 
test results have shown that DME has given the best performance and less emission, with 
the selected emulsified fuel ratio of 50D: 50E, comparing with the other two additives. 

2.7 Role of emulsified fuel in the CI engine (performance and emission) 

M.P.Ashok., et. al., (2007) have stated in their research work that various emulsified fuel 
ratios of 50D: 50E (50% Diesel No: 2: 50% Ethanol 100% proof), 60D: 40E and 70D: 30E have 
been prepared. Performance and emission tests are carried out for the emulsified fuel ratios 
and they have been compared with diesel fuel. The test results show that 50D: 50E has given 
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the best result based on the performance and less emission than the other fuel ratios. By 
keeping the selected fuel 50D: 50E, the same performance and emission tests are conducted 
by varying their injection angles at 18º, 20º, 23º and 24º. The outcome shows better 
performance and less emission by the fuel 50D: 50E at 24º Injection Angle (IA). Further, 
ignition delay, maximum heat release and peak combustion pressure tests have been 
conducted. These results show that increase in IA decreases the delay period thus increasing 
the pressure obtained at the maximum output. Also, P-θ diagram is drawn between crank 
angle and cylinder pressure. The maximum value is attained by the fuel 50D: 50E at 24º IA. 
All the tests have been conducted by maintaining the engine speed at 1500 rev/min. The 
result shows that 50D: 50E ratio fuel has been identified as a good emulsified fuel and its 
better operation is obtained at 24º IA based on its best performance and less emissions. 

2.8 Role of emulsified fuel in the CI engine (performance and emission) 

M.P.Ashok., et. al., (2007) have studied about the best performance and less emission of 50% 
diesel and 50% ethanol [(50D/50E); 100% proof] emulsified fuel. Oxygen-enriched additive 
Dimethyl ether has been added to the selected best ratio of 50D: 50E emulsified fuel. Then, 
the performance and emission tests for diesel, 50D: 50E emulsified fuel ratio and oxygen-
enriched additive-added emulsified fuel have been conducted. Finally, it has been found 
that the oxygen-enriched additive-added emulsified fuel has given the best performance 
and less emission when compared to the other two fuels. In comparison to diesel and the 
selected best ratio of the emulsified fuels, the oxygen-enriched additive-added emulsified 
fuel shows an increase in brake thermal efficiency and a decrease in SFC, PM, SD, and NOx. 

Jae W.Park, et.al, [11] (2000) have done an experimental study on the combustion 
characteristics of emulsified fuel in a Rapid Compression and Expansion Machine (RCEM). 
Water–in–Oil emulsion type has been implemented and shows the best performance with 
respect to the better thermal efficiency. In the emission part, it is observed that NOx and 
Soot have been decreased. Also, the emulsified fuel has been characterized by a longer 
ignition delay and a lower rate of pressure rise in a premixed combustion. 

2.9 Role of water added emulsified fuel in the CI engine (performance and emission) 

Svend Henningsen, (1994), has investigated that NOx emission has been reduced by adding 
water to the emulsified fuel. The result shows that NOx is reduced with the addition of 
water, without deterioration in the SFC and the NOx behaviour is correlated, with the 
injection intensity as well as the water amount in the fuel. The report explains the result of 
the parameters such as injection valve opening, closing, duration, combustion starts and 
ignition delay. The concluding result is that the NOx emission and Specific Fuel 
Consumption (SFC) have been reduced considerably, because of water added to the 
emulsified fuel. 

Wagner U., et.al, (2008), have described the possibilities of simultaneous in-cylinder 
reduction of NOx and soot emissions, for the DI diesel engines. They have stated that diesel 
engines with direct fuel injection give the highest thermal efficiency. Optimization of the 
injection process and the addition of water to the emulsified fuel are the two different 
possibilities for the reduction of NOx and soot emission, which have been discussed. Result 
of water addition gives increase in the value of thermal efficiency and reduction of NOx and 
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soot emissions, when using the emulsified fuel. As the concept of water addition to the 
emulsified fuel leads to the reduction of peak combustion temperature, the NOx emission 
gets decreased. It concludes that the potential of water added emulsified fuel in the diesel 
combustion process has improved in thermal efficiency and reduction of especially NOx 
and soot emissions. 

2.10 Role of corrosion water added emulsified fuel in the CI engine (performance and 
emission) 

Teng Zhang and Dian Tang., (2009), have discussed about the recent patents on corrosion 
resistant coatings. The materials of corrosion resistant components, e.g., metals and alloys, 
ceramics, polymers as well as composite materials, developed for environmental, economic 
and other concerns were discussed. In addition, the novel methods for forming the coatings, 
including the powder floating by vibration and the precursor gas, as well as some widely 
employed methods in the industrial applications were also included. 

3. Procedure for the preparation of the emulsified fuel  
3.1 With the help of surfactant  

Normally Ethanol–in–Diesel emulsion fuel preparation method, diesel and ethanol are the 
dispersion and dispersed medium respectively. Hence, the dispersed medium is added slowly 
to the dispersion medium. The surfactant is used to reduce the interfacial tension between the 
diesel fuel and ethanol fuel. Here Tween–80 has been selected as surfactant, whose HLB 
(Hydrophile Lipophile Balance) value is 15. Based on the above, the selected surfactant 
reduced the interfacial tension between two fuels and producing the emulsified fuel. By 
varying different quantities of ethanol and diesel fuels at different ratios say 90D: 10E, 80D: 
20E, 70D: 30E, 60D: 40E, 50D: 50E, with the variation of surfactant level, the emulsified fuel 
formed. But in and every cases the properties of the emulsified fuel have been changed. 

In the Phase–I, for an example the best succeeded ratio of 50D: 50E has been prepared by 
adding 49.5% diesel fuel with ethanol fuel and the addition of surfactant Tween–80 of 1% by 
volume basis. Based on the above combination best emulsified fuel has been formed. All the 
addition of fuels, surfactants and other chemicals have been added by volumetric basis only. 

3.2 With the help of surfactant and selected oxygen enriched additive addition  

In phase–II, for the preparation of the emulsified fuel, initially the ethanol fuel 44% has been 
added with the diesel fuel 44% with the addition selected additive of Hydrogen Peroxide 
11% has been added by volume basis. The above mentioned surfactant Tween–80 (1%) has 
been added to prepare the emulsified fuel. 

3.3 With the help of surfactant and best selected oxygen enriched additive addition  

Before preparing the emulsified fuel, the following oxygen enriched additives have been taken 
into account and finalized which additive is having higher rate of oxygen enriched properties 
for preparing the best emulsified fuel. For that, the following oxygen enriched additives of 
Hydrogen Peroxide (H2O2), Di-methyl Ether (DME) and Di-ethyl Ether (DEE) has been 
involved in the test. In phase–III, the outcome result shows that, the best selected oxygen 



Role of Emulsified Fuel in the Present IC Engines –  
Need of Alodine EC Ethanol Corrosion Resistant Coating for Fuel Injection System 

 

13 

enriched additive is DME, which is having higher rate of its oxygen enriched properties, when 
it is mixed with ethanol, diesel fuels and surfactant. Also the additive DME is having higher 
rate of oxygen enriched molecular condition, giving good stability of the emulsified fuel. 

Based on that, ethanol, diesel, additive and surfactant have been added 45%, 45%, 9%and 
1% respectively, added to prepare the emulsified fuel. Also the addition of oxygen enriched 
additive added emulsified fuel leads to give the best stability and increased life span of the 
of the emulsified fuel under the condition of Phase–I. Another main point to be considered 
is that, DME has the properties of highly volatile and easy evaporation based one. But 
considering the small addition by volume basis, it hasn’t given any harmful one (For an 
Example: 1000ml (millilitre) total of emulsified fuel, the role of DME is 90 ml only, while 
preparing time. Considering the vaporization property of DME and liberation of oxygen 
atoms condition it doesn’t give any harm).  

3.4 With the help of selected surfactant, additive with water as fuel addition to the 
emulsified fuel  

Already it is much familiar that, emulsified fuel cost is cheaper, when comparing with 
normal fossil fuel, because of the major addition of ethanol to the fossil fuel (Example: Diesel 
Fuel). So, in Phase–IV it has been considered that small quantity of water to be added to the 
emulsified fuel under the condition of Phase–III, for further reducing the cost of the 
emulsified fuel. Based on that 5% and 10% of water has been added to the emulsified fuel 
under the condition of Phase–III.  

At one part the addition of water leads to reduce the performance of the engine and spoiling 
the emulsified fuel properties and considering the another part, water is also consists of 
oxygen atoms and having the evaporation property. So the water addition to the emulsified 
fuel doesn’t majorly affect the property of the emulsified fuel (For an Example: out of 1000 
ml, the water to be added only 5ml or 10ml). Base on that, the outcome result give the result 
of Phase–IV, with the condition if Phase–III. 

3.5 Emulsified fuel producing machine operation with surfactant, additive and water 
fuel 

Initially the required quantities of ethanol and diesel fuel are to be added as per the Water–in–
Oil type emulsion type, along with the selected Surfactant. After adding all the above, the 
mixture is placed in a special type of mechanical stirrer, which has the specifications of 3-
Phase, A.C. supply, 0-10000 rev/min variable speed, vertical motor having twin blades, helical 
shape attached with the vertical shaft of the motor, four numbers of zig- zag shaped blades 
which are fixed in the emulsified fuel containing drum vessel to get swirl motion for better 
mixing. After the required time interval, a good emulsion is formed due to the sharing effects 
produced by the helical blades of the shaft and fixed blades in the emulsified fuel vessel. Then 
selected best additive to be added along with the mixture of the emulsion, further the above 
mentioned action of the motor was started to get further best emulsified fuel. After getting the 
emulsified fuel, the required quantity of water fuel to be added to the emulsified fuel. The 
same Rapid Combustion and Expansion Machine (RCEM) action has been repeated, for the 
required time interval. At last the required emulsified fuel will be obtained. The stability 
period has been obtained 3 and 1/2 days for the prepared emulsified fuel. In all addition of the 
test, the required all chemicals have been added under volumetric basis condition.  
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3.6 Role of alodine EC ethanol corrosion resistant coating in the IC engine 

Eventhough emulsified fuel is much cheaper in cost, by considering the cost economics 
further cheaper based on the water addition: ethanol, surfactant, additive, water are having 
basically corrosive in nature.  

In normal day by day experience, any technical knowledge person could understand / come 
across that, the direct corrosion for the petro products used engine. In addition to the pert 
products, above mentioned emulsified fuel and its based chemicals are having the 
properties to damage the engine and engine parts easily. Based on the above statement, it is 
prove that, the life span of the engine gets reduced in faster rate.  

So, emulsified fuel is having the advantage of being solution for the depletion of fossil fuels, 
could be used directly to the current existing engine, easily available, bio products based, it 
having its own disadvantages of corroding the engine parts very easily. Particularly the 
minute parts like fuel injector, fuel injection system, filter, piston, cylinder etc., gets corrode 
rapidly with faster rate / easily and the every where the problem will be raised in future, if 
the engine runs with emulsified fuel.  

Based on this, in this present work, making the above mentioned engine parts to be saved 
from the chemical corrosion from petro products based emulsified fuel by giving a Alodine 
EC ethanol corrosion resistant coating, with minimum level thickness to the emulsified fuel 
holding / carrying engine parts and the parts which is kept in contact with emulsified fuel. 

4. Experimental setup 
The schematic diagram and the details of the test engine are given in the Figure 1 and Table 
1 in details. Fuel flow rate is obtained by using the burette method and the airflow rate is 
obtained on the volumetric basis. NOx emission is obtained using an analyzer working on 
chemiluminescence principle.  

 
Fig. 1. Experimental Setup 

The particulate matter from the exhaust is measured with the help of the micro high volume 
sampler. AVL smoke meter is used to measure the smoke capacity. AVL DIGAS 444 
{DITEST} five-gas analyzer is used to measure the rest of the pollutants. A burette is used to 
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measure the fuel consumption for a specified time interval. During this interval of time, how 
much fuel the engine consumes is measured, with the help of the stopwatch. Regarding the 
fuel injection system, MICO plunger pump type fuel injection system is used in this 
experiment. All the measurements are collected and recorded by a data acquisition system. 

The specifications of the engine are given below: 

Make  : Kirlosker TV – I 
Type  : Vertical cylinder, DI diesel engine  
Number of cylinder  : 1 
Bore   Stroke (mm)  : 87.5 x110  
Compression ratio  : 17.5:1 
Cooling system & Fuel used : Water Cooling & Diesel 
Speed (rpm) : 1500  
Rated brake power (kW)  : 5.4 @1500rpm 
Fuel Injection pump : MICO inline, with mechanical governor, flange mounted 
Injection Pressure (kgf/cm2) : 220  
Ignition timing : 23 before TDC (rated) 
Ignition system : Compression Ignition 

Table 1. Specifications of the Diesel engine 

The properties of Ethanol and Diesel No: 2 are given in table 2. 

# Ethanol (100% Proof) Diesel No: 2 
Chemical formula CH3CH2OH C12H26 
Boiling point (ºC) 78 180 to 330 
Cetane number 8 50 
Self ignition temperature (ºC) 420 200 to 420 
Stoichiometric air/fuel ratio (wt/wt) 9 14.6 
Lower Heating value (kJ/kg) 27000 42800 
Viscosity in centipoises at (20ºC) 1.2 3.9 
Specific gravity 0.783 0.894 
Density (kg/m3) 794 830 

Table 2. Properties of Ethanol and Diesel No: 2 

5. Results and discussion 
5.1 Phase – I selection of best emulsified fuel ratio (performance, emission and 
combustion)  

Figure 2 shows the variation of brake thermal efficiency. All the emulsified fuel ratios have 
given the best efficiency than the diesel fuel. The difference in the value of the brake thermal 
efficiency at 5 kW between the emulsified fuel ratio of 50D: 50E and diesel fuel is 6.6%. This is 
due to more quantity of oxygen enriched air present in ethanol fuel than in diesel fuel. 
(Presence of volume of air in ethanol and diesel fuel is 4.3–19 and 1.5–8.2 respectively). The 
possible reason for this increase in efficiency is that, ethanol contains oxygen atoms, which are 
freely available for combustion, (Naveen Kumar., et.al., 2004). The oxygen present in ethanol 
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generally improves the brake thermal efficiency, when it is mixed with neat diesel. Due to this 
reason, the brake thermal efficiency increases as concentration of ethanol is increased.  

 
Fig. 2. Variation of Brake Thermal Efficiency 

Figure 3. shows the variation of brake power verse SFC. SFC takes lower values for the 
emulsified fuels than the diesel fuel. This is because of the reduction of the energy content 
due to addition of ethanol, (Tsukahara, M and Yoshimoto, Y., 1992). Since, the energy 
content is low for ethanol, when it is mixed with diesel, it makes the emulsified fuel mixture 
to get poor in energy content. Also, the heating value of ethanol is lower, when compared to 
diesel. Due to this reason, the SFC is lower for the emulsified fuel ratio 50D: 50E.  

As the brake thermal efficiency and SFC are inverse, the two basic parameters are most 
essential for a good performance of an engine. This could be achieved by the emulsified fuel 
ratio 50D: 50E. Therefore, the performance of the engine will be good, if it is run with 
emulsified fuel. 

All the emulsified fuel ratios have taken less values of SD than the diesel fuel. The least value 
is taken by the emulsified fuel ratio 50D: 50E as shown in the figure 4. The reason is, addition 
of ethanol causes decrease in smoke level because of the better mixing of the air and fuel and 
increase in OH radical concentration, (K.A.Subramanian., A.Ramesh, 2001). Also, smoke 
emission of the ethanol–in-diesel fuel emulsion is lower than those obtained with neat diesel 
fuel because of the soot free combustion of ethanol under normal diesel engine operating 
conditions. Hence, as the ethanol concentration increases, the smoke density decreases.  

All the emulsified fuels emit higher range of NOx than diesel fuel. Masahiro et al., (1997) 
have stated that generally alcohol/diesel fuel emulsion causes higher NOx emission because 
of the cetane–depressing properties of alcohol. Ethanol–diesel fuel emulsion causes high 
NOx emission because of low cetane number of ethanol. Low cetane number leads the fuel 
to increase the ignition delay and greater rates of pressure rise, resulting in higher peak 
cylinder pressures and high peak combustion temperatures. This high peak temperature 
increases NOx emission, (Masahiro Ishida,et.al., 1997). From the experiment, it is observed 
that as ethanol content increases, emission of NOx also increases. 
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Fig. 3. Variation of Specific Fuel Consumption 

 
Fig. 4. Variation of Smoke Density 

Also if ethanol mixes with any ratio with the diesel fuel, it emits more heat release. 
Considering the point of heating value, the difference between ethanol and diesel fuel is 
very small. This is adjusted by the higher latent heat of evaporation of ethanol. Even though 
the heating value of the ethanol fuel is less with the diesel fuel, the combustion takes place 
properly by the increased value of the latent heat of ethanol fuel. From this, it is understood 
that ethanol concentration is directly proportional to the heat release. At the rated output, 
heat release rate is the highest with ethanol–diesel operation due to enhancement of the 
premixed combustion phase. Normally, the rate of heat release depends largely on the 
turbulence intensity and also on the reaction rate, which is dependent on the mixture 
composition. Hence, 50D: 50E, 60D: 40E, 70D: 30E, 80D: 20E, 90D: 10E and finally the diesel 
fuel have taken the heat release rate based on the ethanol concentration.  
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Fig. 5. Variation of Oxides of Nitrogen (NOx) 

 
Fig. 6. Comparison of Heat Release Rate at 50% load 

Figures 9 and 10 show the comparison of cylinder pressure at 50% and 100% load 
conditions. In general, there is no such significant change between the emulsified fuel and 
pure diesel. But there is a small rise in pressure caused by the emulsified fuel in both the 
cases. Basically, the pressure rise depends on the duration of the delay period. As the cetane 
number increases, the delay period decreases. Since ethanol has low cetane number, the 
ignition delay period is longer for emulsified fuel ratios (Cetane Number: for ethanol is 8 & 
diesel fuel is 50). This longer ignition delay helps to reach a high peak pressure to produce 
more work output during the expansion stroke. Due to this reason, the emulsified fuel ratios 
show higher pressure rise than diesel fuel. Also, the pressure rise is due to the amount of 



Role of Emulsified Fuel in the Present IC Engines –  
Need of Alodine EC Ethanol Corrosion Resistant Coating for Fuel Injection System 

 

19 

fuel involved in pre mixed combustion, which increases with longer ignition delay, 
(Tsukahara, M., et.al., 1982). Hence, the order is in the form of 50D: 50E, 60D: 40E, 70D: 30E, 
80D: 30E, 90D: 20E and diesel fuel. 

 
Fig. 7. Comparison of Heat Release Rate at 100% load 

 
Fig. 8. P- for various fuels at 50 % Load condition 

Figure 10 shows the comparison of brake thermal efficiency for all oxygen enriched 
additives added emulsified fuels DME, DEE and H2O2. Normally the oxygen enriched 
additives added emulsified fuels give greater brake thermal efficiency, because of their in 
higher cetane number. Higher cetane reduces the self-ignition temperature, which in turn 
reduces the delay period and results in smoother engine operation. Result of the longer 
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ignition delay leads to a rapid increase in premixed heat release rate that affects brake 
thermal efficiency favorably. Also, the oxygen present in ethanol generally improves the 
brake thermal efficiency, when it is mixed with neat diesel (Dr.V.Ganesan). Based on this, 
the following oxygen enriched additives added emulsified fuels, take the role in the 
descending order of DME, DEE and H2O2. The maximum efficiency given by DME is 
37.87%, at the maximum load condition. But considerable attention has to be given for the 
materials’ compatibility and corrosiveness. 

  
Fig. 9. P- for various fuels at 100 % Load condition 

5.2 Phase – II & III best selected oxygen enriched additive and surfactant addition 
(performance and emission) 

From figure 11, the SFC values are lower for all the fuels. Even though there is not much 
variation in the values, the order taken from minimum to maximum is the oxygen enriched 
emulsified fuels DME, DEE and H2O2 respectively. This is based on the energy content of 
the fuel. Normally, ethanol has less energy content than the diesel fuel. Based on this, the 
oxygen enriched emulsified fuel shows less value of SFC. Also, DME has the property of less 
energy content value than ethanol, (Cherng-Yuan Lin., et.al., 2004). Hence less SFC for the 
DME added emulsified fuel is found than in the other fuels. The least value obtained by 
DME, at the maximum load condition is 0.249 kg/kW-hr.  

Figure 12 shows the comparison of SD, for all oxygen enriched additive added emulsified 
fuel. The order taken in the form of minimum to maximum is DME, DEE and H2O2 
respectively. This is due to the better mixing of the air. Addition of ethanol causes decrease 
in smoke level and fuel and increase in OH radical concentration. The effect of fuel droplets 
vaporization plays a vital role with particular attention given for the oxygen content in the 
fuel as related to smoke density, (K.A.Subramanian. and A.Ramesh 2001). Because, oxygen 
enriched additives have more oxygen in nature, which lead to increase OH radical 
concentration and oxygen content in the additive improves the fuel droplet size to get more 
vaporization. The least value obtained by DME is 46 HSU at maximum load condition. 
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Fig. 10. Comparison of Brake Thermal Efficiency 

 
Fig. 11. Comparison of Specific Fuel Consumption 
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Figure 13 shows the comparison of the NOx emission, for various oxygen enriched additives 
added emulsified fuels, with the selected ratio of 50D: 50E. All the emulsified fuels emit higher 
range of NOx than diesel fuel. Masahiro et al., (1997) have stated that generally alcohol/diesel 
fuel emulsion causes higher NOx emission because of the cetane-depressing properties of 
alcohol. Normally, surfactant added emulsified fuels emit higher NOx than diesel fuel, 
because of its low cetane number, (M.P.Ashok 2007). Low cetane number leads the fuel to 
increase ignition delay and greater rates of pressure rise, resulting in higher peak cylinder 
pressures and high peak combustion temperatures. This high peak temperature increases NOx 
emission, (Masahiro Ishida 1997). But in the case of all oxygen enriched additives added 
emulsified fuels with the selected ratio of 50D: 50E less NOx is emitted. It is because all the 
oxygen enriched additives have higher value of cetane number. Based on the higher cetane 
number the order takes place from minimum to maximum of DME, DEE and H2O2. 

 
Fig. 12. Comparison of Smoke Density 

Figure. 14 shows the comparison of maximum cylinder pressure, for different oxygen enriched 
additives DME, DEE and H2O2, with selected emulsified fuel ratio of 50D: 50E. Basically, the 
pressure rise depends on the duration of the delay period. As the cetane number increases, the 
delay period decreases. Since ethanol blending with oxygenated additives (quantity of 
additive added getting changed–by volume basis) has high cetane number, ignition delay 
period is shorter for additive added emulsified fuels, (Tsukahara, M. 1982). Based on this 
reason, the order taken from minimum to maximum is DME, DEE and H2O2. 
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Fig. 13. Comparison of Oxides of Nitrogen 

 
Fig. 14. Comparison of Maximum Cylinder Pressure 
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Comparison of heat release for the different oxygen enriched additives, with selected 
emulsified fuel ratio of 50D: 50E is shown in figure. 15. This is due to the higher and lower 
values of latent heat of evaporation of ethanol and diesel fuel respectively (Latent heat of 
evaporation: Ethanol–840 kJ/kg; Diesel–300 kJ/kg). At the rated output, heat release rate is 
the highest with ethanol-diesel operation due to enhancement of the premixed combustion 
phase, (Ajav. E.A, 1998). But the oxygen enriched additives DME, DEE and H2O2 added 
emulsified fuels have released minimum heat for the selected emulsified fuel ratio of 50D: 
50E. In the case of oxygen enriched additives based emulsified fuels have more cetane 
number. Blending of additive and diesel leads to higher cetane number. Higher cetane 
number reduces the self-ignition temperature and hence emits less heat. Hence the oxygen 
enriched additive added emulsified fuels release less heat. Normally, the rate of heat release 
depends largely on the turbulence intensity and also on the reaction rate, which is 
dependent on the mixture composition. Based on these reasons, the order taken from 
maximum to minimum is H2O2, DEE and DME.  

  
Fig. 15. Comparison of Heat Release Rate 

5.3 Phase – IV addition of water fuel to the selected oxygen enriched additive and 
surfactant (performance and emission) 

Figure 16 shows the variation of Brake Thermal Efficiency. There is no such output variation 
in the lower load condition. But at the middle and higher output level, there is a small 
variation. This is due to more quantity of oxygen enriched air present in ethanol fuel than in 
diesel fuel and the presence of oxygen content in water, (M.Abu-Zaid., 2004). Also, higher 
cetane number of diesel fuel leads to decrease in the delay period and causes reduced self-
ignition temperature. Based on this, the variation is taken in the middle and the higher load 
conditions. The difference between the diesel fuel and the 10% water added emulsified fuel 
is 1.03% at 5.2 kW load condition. 
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Fig. 16. Variation of Brake Thermal Efficiency 

The variation of SFC is shown in figure 17. In this diesel fuel takes the maximum value than 
the remaining two fuels. This is because of the reduction of the energy content due to 
addition of water and ethanol, (Moses.C.A.,et.al., 1980). Already the ethanol fuel has less 
energy content and in addition to that if water is mixed with the emulsified fuel, it leads to 
very poor energy content of the fuel. Hence diesel fuel has attained the maximum value but 
the rest of places are attained by the emulsified fuels, according to the percentage of water 
addition. Also, the latent heat of vaporization of ethanol is high, when compared with diesel 
fuel. The addition of water reduces the latent heat of vaporization of the emulsified fuel. 

 
Fig. 17. Variation of Specific Fuel Consumption 
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Figure 18 shows the variation of SD. SD level increases for the emulsified fuel than diesel 
fuel due to poor mixing of air and fuel and increase in OH radical concentration, (Minoru 
Tsukahara., et.al., 1989). The same is higher for the emulsified fuel ratio 50D: 50E. The rest of 
the fuels are placed according to the order based on their OH radical concentration. The 
difference between the diesel fuel and the emulsified fuel (10% H2O addition) emulsified 
fuel ratio is 14.4 HSU. 

 
Fig. 18. Variation of Smoke Density 

 
Fig. 19. Variation of Oxides of Nitrogen 
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The variation of NOx is shown in figure 19. The low cetane depressing properties cause an 
increase in ignition delay and greater rates of pressure rise, resulting in high peak cylinder 
pressure and high peak combustion temperatures. The peak temperature always increases 
the NOx formation, (Masahiro Ishida and Zhi-Li Chen., 1994). Based on the above statement, 
the emulsified fuel emits more NOx. But in this experiment water is added to the emulsified 
fuel. Normally water addition reduces temperature. Hence NOx value gets decreased based 
on the peak combustion temperature reduction. From the above, the order is diesel fuel, 
emulsified fuel (5% H2O addition) and finally emulsified fuel (10% H2O addition). The 
difference between diesel fuel and the emulsified fuel (10% H2O addition) at the maximum 
load condition is around 164 ppm. From the above, it is understood that NOx reduction is 
possible by using the water added emulsified fuel. 

5.4 Phase–V Alodine EC ethanol corrosion resistant coating for fuel injection system 
and its parts dealing with emulsified fuel  

The Alodine Electro Ceramic (EC) Corrosion Resistance Coating is the best solution for 
protecting the engine parts against corrosion. Presently the prepared emulsified fuel is more 
corrosive in nature and for that alodine EC corrosion resistant is the best solution. 
Application of alodine EC coating is cheaper and will be the best solution for corrosion. 
Particularly, the alodine EC coating could be applied to the minute parts of the engine. 
Manufacturers rely on EC to provide engine protection under a wide variety of extreme 
conditions, ranging from low temperature short trip service to extended high speed, high 
temperature operations. 

Alodine EC also provides not only chemical protection but also wear resistance coating 
protection for intake manifolds, fuel injection system, fuel injection system pipe line, top of 
the piston, entire cylinder walls. It also reduces the friction in certain percentage; the 
performance of the engine gets increased. 

 

 

 

Fig. 20. Different layers of deposition based on Alodine EC coating 
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Fig. 21. Engine parts with alodine EC coating 

 
Fig. 22. Engine parts after the Alodine EC coating 

 
Fig. 23. Variation of duration with respect to life of the material 
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125 to 200 μm 

Fig. 24. Alodine coated Fuel Injector and its Nozzle Part 

 
Fig. 25. Alodine coated Fuel Injection Fuel Lines 

 
Fig. 26. Axial Distance from Injector verses Alodine Coated thickness 

From the above it is understood that Alodine EC Coating is much useful against corrosion. 
The thickness is around minimum and maximum of 25 and 250µm respectively. This would 
compromise the corrosion and increase the life span of the parts of the engine particularly 
fuel injection system. 
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Fig. 23 shows the variation of corrosion with standing capacity of the material verses duration 
days. In this case, alodine EC coated material and normal material have been kept in bath 
contact with Phase–IV condition of the emulsified fuel. Keeping the room temperature and 
moisture content, the above mentioned test has been carried out. After 90 days duration, both 
the materials have been undergone for the corrosion resistance test. Based on the test result, 
the alodine EC material gives maximum life then the ordinary material.  

Also figure 24 & 25 show diagrams of Alodine EC coated fuel injector, edge of the nozzle 
part fuel injection hose lines. Figure 26 represents axial distance from the fuel injector, edge 
of the nozzle part verses Alodine EC Coating thickness given to the fuel Injector. It would 
indicate the different in thickness, diameter and height provided by the Alodine EC coated 
matrial. Also it shows that, the minute hole of the fuel injector gets Alodine coating with 
minimum thickness. Based on that entire fuel injection system gets safe against ethanol 
based emulsified fuel corrosion. 

6. Future scope of the work 
Further research work will be taken the study based on the performance, emission and 
combustion test along with alodine EC coated material of the engine parts, including fuel 
injection system. 

7. Conclusions 
 From Phase–I, it is well understood that Emulsified fuel 50E: 50D is the best emulsified 

fuel ratio for the CI Engine operation with increase in performance and NOx emission  
 From Phase–II, it is understood that H2O2 additive added emulsified fuel under the 

ratio of 50D: 50E gives the best performance and less emissions of NOx. 
 From Phase–III, it has been proved that DME is the best additive, when compared with 

the other two additives, which gives best performance and much poor emission. 
 Phase–IV illustrates that water is also a fuel to the CI engine operation along with 

emulsified fuel. 
 Finally Phase–V shows that Alodine EC coating is the best solution against corrosion, 

which has been caused by the emulsified fuel. 
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1. Introduction 
This chapter aims to present an alternative to quality control of the viscosity of two 
important fuels in the international scenery - aviation kerosene and diesel oil – by statistical 
multivariate modeling (Pasadakis et al., 2006).  

Viscosity is one of the most important properties of fuels; it influences the circulation and 
the fuel injection in the operation of injection engines. Engines efficiency in the combustion 
process depends on this property.  

Out of specification values can decrease the fuel volatilization, thus implying, in an incomplete 
combustion (Pontes et al., 2010). This physicochemical property can vary significantly with the 
modification of the cast during the processing of crude in a refinery (Figure 1), maintaining the 
same conditions of production control, which compromises the quality standards. This leads 
to the need to determine the viscosity or provide it as often as possible in lieu of performing 
the traditional point analysis in the laboratory that can take long time. 

According to Dave et al. (2003), the use of field instruments in conjunction with statistical 
multivariate techniques to determine, in real-time, properties of the products is one way to 
optimize the operations of oil refining. 

Each refinery has at least one primary distillation tower, where the components of crude oil 
are separated into different sections using different boiling points, and different 
arrangements of unit conversion. In general, the refining margin increases with the 
complexity of the refinery. Decisions about how to operate and monitor a refinery and how 
to build the units, are factors that provide competitive advantages to oil companies. 

The hydrotreatment is a catalytic process that removes large amounts of sulfur and nitrogen 
from the distillation fractions (Fernández et al., 1995). The fluidized catalytic cracking (FCC) is 
a process widely used in a petroleum refining industry. It consists in cracking large molecules 
into smaller ones by high temperatures. Thus, heavy oils are converted into products with 
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higher added value (IEA, n.d.). In addition, some refineries have used the coking unit to 
maximize the refining margin in the conversion of waste from distillation towers. 

 
Fig. 1. Simplified process flow diagram of a refinery (Park et al., 2010) 

Important products of refineries are the fuels for several kinds of existing engines. This way, 
fuel for jets is derived from petroleum and it is suitable for power generation by combustion 
in gas turbine engines for aircraft (see Fig.2). Jet fuel is produced by fractionation of 
petroleum by distillation at atmospheric pressure, with boiling range between 150 and 300 ° 
C, followed by finishes and treatments that aim primarily eliminate the undesirable effects 
of sulfur compounds, nitrogen and oxygen. 

The viscosity of kerosene is limited to a maximum value to obtain a minimum loss of pressure 
in the flow at low temperature, as well as to allow using adequate spray nozzles for the fuel in 
order to improve the conditions of combustion. The viscosity property can significantly affect 
the lubricity of the fuel property, and, consequently, the life of the aircraft fuel pump. 

The diesel fuel is a derivative of petroleum used in internal combustion engines 
compression to move motor vehicles (Fig. 3). It can also be used in marine engines and as a 
fuel for home heating. It is composed mainly of paraffinic hydrocarbons, and it is not 
desirable to the presence of olefins and aromatics. Its normal boiling range is 100 to 390 º C, 
while the number of carbon atoms should be located between six and eighteen atoms. 

The chemical composition of diesel oil directly affects its performance and is related to the 
type of oil used and with the adopted processes for their production in refineries. 

Overall this product is composed of one or more cuts from the distillation of petroleum, and 
it can be added to other current refining processes, for example, the product obtained from 
catalytic cracking called light oil recycled. 
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Fig. 2. Combustor and engine - schema (Gomez et al., 2007). 

Kinematic viscosity of this product is an important property in terms of its effect on power 
systems and in fuel injection. Both high and low viscosities are undesirable since they can 
cause, among others, problems of fuel atomization. The formation of large and small 
droplets (low viscosity), can lead to a poor distribution of fuel and compromise the mixture 
air - fuel resulting in an incomplete combustion followed by loss of power and greater fuel 
consumption. 

In Section 2, it will be presented a method for acquiring and construct the database. In 
Section 3, theoretical foundations of the statistical multivariate methods used. In Section 4, 
are presented the method application and the results for a real process of production. 
Finally, in Section 5, the conclusions reached are discussed. 
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Fig. 3. Diesel engine (Marshall, 2002) 

2. Acquisition data base 
The multivariate analysis, using infrared signals, allow manipulate data absorption, called 
spectra, associated with more than one frequency or wavelength at the same time. In the oil 
industry, their applications are associated with the prediction of the quality of distillates 
such as naphtha, gasoline, diesel and kerosene (Kim, Cho, Park, 2000).  

The chemical bonds of the type carbon-hydrogen (CH), oxygen-hydrogen (OH) and 
nitrogen-hydrogen (NH) are responsible for the absorption of infrared radiation, but are not 
very intense and overlap, creating broad spectral bands, that are correlated and difficult to 
interpret. However, a multivariate approach has proven quite adequate for modeling 
physical and chemical properties from samples of the input variables, it is known as 
absorbed infrared radiation (Behzadian et al., 2010). 

The polychromatic radiation emitted by the source has a wavelength selected by a 
Michelson interferometer. The beam splitter has a refractive index such that approximately 
half of the radiation is directed to the fixed mirror and the other half is reflected, reaching 
the movable mirror and is therefore reflected by them. The optical path differences occur 
due to movement of the movable mirror that promotes wave interference. Nowadays, the 
instrumentation has introduced an improved Michaelson interferometer, to develop the 
system "Wishbone", as illustrated in Figure 4. In this system, instead of having a movable 
mirror and a fixed mirror, both mirrors cubic move, tied to a single support. 
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Fig. 4. “Wishbone” interferometric system employed in modern NIR spectrophotometers 
based on Fourier Transform. A, beam splitter; B, corner cubic mirrors; C, anchor, and D, 
“wishbone” (Pasquini, 2003) 

An interferogram is obtained as a result of a graph of the signal intensity received by the 
detector versus the difference in optical path traveled by the beams. Then, like the Fourier 
Transform translates the recurring phenomenon in a series of sines and cosines (see Fig. 5), 
it is possible to transform the interferogram in a spectrum transmittance. The amount of 
radiation absorbed is determined by using the co-logarithm of the transmittance spectrum. 

 
Fig. 5. Interferogram of radiation containing several wavelengths (adapted from Smith, 2011) 

3. Multivariate analysis 
The characterization of the mathematical models more adequate was performed by using the 
multivariate technique with partial least squares regression (PLS). This is an analysis technique 
where the original matrix of data is represented by factors or latent variables. Only the portion 
of the spectral data that correlates with the property assessed is included in this representation.  

The first factor, calculated by a statistical program The Unscrambler®, has the highest 
correlation of spectral data with respect the property of interest. The residual spectrum, 
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which is the original spectrum minus the proportion represented by the first factor, then the 
same statistical program evaluates it. Thus, the second factor has the highest correlation with 
the residual spectrum property. This procedure is replicated until each one of the important 
information, which has a correlation with the property under study, was represented by the 
factors or latent variables. Observe that some caution is needed to determine the appropriate 
number of factors, because an insufficient number of them will not include all the necessary 
spectral information and too many of them will add noise (see Fig. 6). 

 
Fig. 6. Optimized number of components (Naes et al., 2002) 

This regression model has the advantage of using the entire spectrum, be quick and offer a 
stable result. In addition, the regression using partial least squares, that use a number of 
factors less than the principal component regression (PCR) method, is more resistant to 
noise and in presence of weaker correlations. 

The decomposition of the original variables on principal components can be represented by 
Equation (1), where for the k principal components, t is the value called score, that indicates 
the differences or similarities between samples, γ is the parameter that relates the original 
variables with the latent variable, it is called loading and represents how much a variable 
contributes to a major component and it considers the variation of the data: 

 tik = υk1Xi1 + υk2Xi2 +...+ υkqXkq (1) 

So the principal components are related to the concentration, or property of interest, 
according to Equation (2), where h is the number of principal components used. The Fig. 7 
represents the Equation (2) in matrix form: 

 Y = b0 + b1t i1 + b2t i2 +...+ bht ih + e1 (2) 

The Fig. 8 illustrates the absorbance of three wavelengths. Observe that the first principal 
component PC1 is a linear combination of the absorbance values that representing the 
maximum variance between samples. The projection of the sample point on the axis of PC1 
is the score of PC1 (see Fig. 9). 
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Fig. 7. Matrix representation of mathematical model 

 
Fig. 8. Samples measured with three variables 
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Fig. 9. First principal component in 3D 

The PC2 must be orthogonal to PC1 and is positioned to capture the maximum residual 
variance. When all the data variability can not be explained by only one major component 
(red and green samples), a second PC is needed and so on. The score for the PC2 is obtained 
by projection, in a manner analogous to the previous situation (Fig. 10). 

 
Fig. 10 . Second principal component in 3D 
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To obtain the remaining principal components, the procedure is the same. It be noted that 
for a set of 100 different wavelengths, for example, is not necessary 100 principal 
components to represent the data variability. 

The variability of the spectrum can be compressed into a less number of principal 
components without significant loss of analytical information. After this compression, the 
scores are considered as independent variables in the regression to obtain the dependent 
variable y (concentration or physicochemical properties).  

The PLS determines the principal components that are the best ones with respect to the 
variable y and that explain as best as possible the variable x (see Fig. 11). 

 
Fig. 11. Data compression in principal components  

4. Proposed method, results and analysis 
The first step is collect samples of kerosene and diesel oil in a reasonable period of time, to 
obtain a data set that best reflect all possible operational variability, as changes in the cast of 
oil and operating conditions of the units. 

In the second stage experiments are performed to characterize, on a laboratory scale, the 
product, aiming to determining, from the samples, the real kinematic viscosity to be 
modeled. The samples were also subjected to infrared radiation. 

In the third step the mathematical models were developed using The Unscrambler® and 
Excel® softwares, associating the information to absorbed infrared radiation with the 
physicochemical property. In the end, the model is implemented on an industrial scale for 
forecasting the viscosity in real time, providing to the production area, high power decision-
making, and enabling increase the profitability of the blending process. 

For each oil studied was developed a mathematical model with 800 input variables. To help 
determine the number of latent variables and minimize the residual variance was used the 
full cross-validation method, which is a mathematical algorithm able to gradually reduce 
the number of samples. In the sequence, a model constructed from the remaining samples is 
tested by comparing it with the true values of the samples excluded. The models are 
developed using The Unscrambler® program. Several forms of preprocessing were 
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evaluated to obtain the minimum value of RMSECV (Root Mean Square Error of Cross 
Validation).  

 

 

 

 

 

 

Fig. 12. Representation of online determination of viscosity by mathematical modeling 
(adapted from Early Jr, 1990) 

The preprocessing that provided the best result was the first derivative of the second-degree 
polynomial proposed by Savitzky-Golay (Galvão et al., 2007), that highlight the differences 
between samples, contributing to the model can be used to explain the variance between 
them. The Fig. 13 and Fig. 14 show the original spectra for jet fuel and diesel, and the Fig. 15 
and Fig. 16 show the same data after preprocessing by the above derivative. 
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Fig. 13. Set of spectra of kerosene used in modeling 

 
 

 

 

 

 

Fig. 14. Set of spectra of diesel used in modeling 
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Fig. 15. Derivative (Savitzky-Golay) spectra of kerosene 

 

 

 
Fig. 16. Derivative (Savitzky-Golay) spectra of diesel 

The method of the derivative of Savitzky-Golay smooths the spectrum by polynomial 
mobile. The derivative of the values of the absorbance as a function of wavenumber is 
calculated with the polynomial equation cited. 
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After the derivative of the spectrum, was determined the optimal number of latent variables 
for each product. In this way, for kerosene, were adopted four latent variables. Above this 
number, the explained variance decreases due to the incorporation of noise in the model, as 
shown in Table 1 and Fig. 17. 

Latent 
Variable 

Cumulative Variance 
Explained (%) 

1 8.20 

2 28.46 

3 55.96 

4 75.67 

5 78.71 

6 83.61 

7 85.50 

8 87.48 

9 87.60 

10 86.00 

11 84.90 

12 84.72 

Table 1. Cumulative explained variance (%) versus latent variables (kerosene) 

 
Fig. 17. Explained variance (%) versus latent variables (kerosene). 



 
Fuel Injection in Automotive Engineering 

 

46

For the diesel, using the same procedure, were adopted eight latent variables, because above 
that number, there is no significant gain for explanation of the variance, as shown in Table 2 
and Fig. 18. 

Latent 
Variable 

Cumulative Variance 
Explained (%) 

1 8.20 

2 28.46 

3 55.96 

4 75.67 

5 78.71 

6 83.61 

7 85.50 

8 87.48 

9 87.60 

10 86.00 

11 84.90 

12 84.72 

Table 2. Cumulative explained variance (%) versus latent variables (diesel) 

 
Fig. 18. Explained variance (%) versus latent variables (kerosene). 

The outliers were eliminated observing the graphs of scores of the first two principal 
components and their influence (residual variance in Y versus leverage). The first two 
principal components captured the largest variability between the data and both for the 
samples of diesel and kerosene they are statistically close, as represented in the Fig. 19 and 
Fig.20. 
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Fig. 19. Scores of the first two latent variables for kerosene 

 

 
Fig. 20. Scores of the first two latent variables for diesel 

Among the statistical tools used to detect outliers stands out the Student residues technique 
versus leverage. The leverage can be interpreted as the distance from the centroid of a 
sample data set. High values of leverage, means that the sample is located far from the mean 
and has a major influence in the model. The Student residues can be interpreted as the 
difference between the actual values and the values predicted by the model. For both 
products (jet fuel and diesel) there were no evident outliers, and it is also observed that the 
samples that have great influence have low residue (Fig. 16 and Fig. 17). 
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Fig. 21. Residual versus leverage for kerosene 

 
Fig. 22. Residual versus leverage for diesel 

The correlation coefficient (r) indicates the degree of correlation between the estimated 
values and those obtained experimentally. In developing the model, the objectives were to 
minimize the RMSECV and maximize the coefficient of multiple determination (R2) or the 
correlation coefficient (r). Graphs in Fig. 23 and Fig. 24 show the actual values versus 
predicted values along with the correlation coefficients. 

The results of the models are statistically equivalent to those ones from laboratory methods. 
The Table 3 summarizes the results of modeling. 

Property Number of 
samples

Latent 
variables

RMSECV 
(cSt) Correlation Range 

(cSt) 
Kerosene 115 4 0.09 0.889854 3.1 to 4.6 

Diesel 131 8 0.11 0.959387 3.1 to 5.3 

Table 3. Summary of modeling results 
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Fig. 23. Comparison of the results provided by PLS regression model and the results 
obtained by the reference laboratory (kerosene) 

 
Fig. 24. Comparison of the results provided by PLS regression model and the results 
obtained by the reference laboratory (diesel) 

5. Conclusions 
It was possible modeling mathematically the kinematic viscosity of jet fuel and diesel oil by 
multivariate analysis. The values of the standard error of cross validation showed that the 
products meet the specifications.  

It was possible to solve a real problem combining academia with industry. The results were 
used in an industrial plant at a refinery in Brazil and helped to speed up the decision-making 
in blending system, reduced process variability and increase the profitability of production. 

There was a significant reduction of the analysis performed in the laboratory, because the 
proposed method is faster, more practical, does not generate chemical waste, minimize 
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reprocessing, reducing costs and energy costs. In addition, better quality fuel reduces the 
impact of burning on the environment. 

This chapter opens up other possibilities for assistance, such as simultaneous determinations 
of several other parameters of oil products. 
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1. Introduction 

Conventional diesel combustion exhibits the trade-off relationship between reduction of NOx 
and soot emissions. The strategies for reducing soot increase NOx; for example increasing 
injection pressure and swirl ratio reduce soot, but increase NOx in the conventional diesel 
combustion. High levels of exhaust gas recirculation (EGR) also reduce NOx but increase soot. 
It is well known that NOx emissions are largely dependent on the equivalence ratios of air-fuel 
mixture. NOx emissions reach maximum value when combustion occurs near stoichiometric 
air-fuel ratio. However, it can be lowered when mixture is over-rich or over-lean. Generally 
speaking, soot emission is largely produced during the diffusion combustion, but it is very low 
during the premixed combustion. Therefore researchers attempt to mix fuel and air as 
homogeneous as possible prior to ignition to achieve the premixed combustion (Kimura et 
al.,1999,2001; Hasegawa & Yanagihara,2003;Takeda et al.,1996; Shimazaki et al.,1999). Studies 
show that homogeneous charge premixed mixture low-temperature combustion can 
simultaneously reduce NOx and soot emissions(Nandha & Abraham,2002;Walter & 
Gatellier,2002; Lewander et al.,2008;Husberg et al.,2005;Lejeune et al.,2004). 

The purpose of this investigation is to develop a new low-temperature premixed combustion 
mode in a six-cylinder commercial vehicle diesel engine using the UMH nozzle and EGR. The 
UMH nozzle facilitates better mixing of fuel and air prior to ignition and the resultant 
realization of the premixed combustion, because of its shortened the injection duration and 
improved atomization compared with the conventional nozzle (Miao et al.,2009). This 
investigation also explores the combustion characteristics of the UMH nozzle through the 
experiments of selected operation conditions of 1400 r/min, 0.575MPa and 1000 r/min, 0.279 
by adjusting injection timing, injection pressure and EGR rate. The results showed that NOx 
and soot emissions of the selected operation conditions were simultaneously largely reduced. 

2. Experimental apparatus  

2.1 UMH nozzle structure 

Figure 1 shows the schematic of the UMH nozzle (Miao et al.,2009). It consists of a needle 
and a body, and has the following characteristics: (1) there are two layers of injection holes 
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in the front part of body. Any injection hole of upper layer and the corresponding injection 
hole of under layer are positioned in a vertical plane; (2) the injection holes cone angle (here 
defined as the angle of cone consisting of all the axes of injection holes on the same layer) of 
the under-layer holes is larger than that of the upper-layer holes（α2>α1）; and (3) it has a 
large enough flow area of holes such that cyclic fuel can be completely injected into the 
combustion chamber prior to ignition, which is a prerequisite for premixed combustion. 

needle

body

upper injection
holes cone

under injection
holes cone

 
Fig. 1. Schematic of UMH nozzle 

Conventional nozzle

 

UMH nozzle

 
(a)         (b) 

Fig. 2. Schematic comparison between the conventional and UMH nozzle (a) Conventional 
nozzle (b) UMH injection nozzle 
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Figure 2 shows the schematic comparison between the existing conventional nozzle and the 
UMH nozzle. There is only one layer of holes on the conventional nozzle, so sprays possibly 
impinge on the wall of the combustion chamber or the cylinder liner to cause high HC and 
CO emissions. Sprays might impinge at point A as shown in Figure 2(a). The UMH nozzle, 
however, has two layers of holes and the cone angle of the under-layer injection holes is 
larger than that of the upper-layer holes. Two sprays of upper and under-layer meet in the 
space of the combustion chamber, for example, at point B as shown in Figure 2(b). The 
results showed that the UMH nozzle exhibits shorter spray penetration than does the 
conventional nozzle (Miao et al.,2009). This not only avoids fuel sprays impingement on the 
wall of the combustion chamber or the cylinder liner, but also strengthens sprays 
turbulence, which promotes fuel-air mixing. Therefore, the result is a more homogeneous 
mixture required to perform the premixed combustion in diesel engines.  

Type Hole number Hole diameter (mm) Flow rate (l/min)@10MPa 
Original nozzle 8 0.17 1.2 

UMH nozzle 16 0.16 2 

Table 1. Specifications of test nozzles 

Table 1 lists the specifications of test nozzles. It can be seen that the flow rate of the UMH 
nozzle with smaller diameter hole is higher than that of the original nozzle by up to 67%, 
which helps the UMH nozzle not only shorten the injection duration and also improve fuel 
atomization. 

2.2 Combustion experimental apparatus 

The specifications of the test engine are shown in Table 2. Its operating conditions are set at 
1400 r/min, 0.575MPa and 1000 r/min, 0.279MPa. The test engine is operated on the 
commercially available diesel fuel with the cetane number of 51 in all the test cases. The 
coolant temperature is set to 80±3°C. Figure 3 gives the combustion experimental apparatus. 
The EGR cooler and the intercooler are water-cooled, with water circulation volume and 
water temperature that are adjustable. The inlet air temperature after the intercooler is 
maintained at 40±3°C during the whole experiment. The fuel injection is performed by a 
high-pressure common-rail electric-controlled system on the engine. The exhaust gas 
emissions are measured using a HORIBA MEXA-7100 gas analyzer, smoke density (soot) 
measured using an AVL 415s smoke meter, and particle matter (PM) measured using an 
AVL 472 partial-flow particulate sampler which allows double particulate filters to be 
exposed. In-cylinder pressure is acquired using a KISTLER cylinder pressure sensor. 

Model CA6DF2 
Type In-line, supercharged, inter-cooled 

Cylinder number-bore×stroke（mm） 6-110×115 
Rated power/speed（kW /r/min） 155/2300 

Maximum torque/speed（N.m/r/min） 680/1400 
Minimum torque/speed（N.m/r/min） 580～620/1000 

Minimum BSFC*（g/kW.h） 205 
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Model CA6DF2 
Combustion chamber reentrant 

Compression ratio 16.5 
Ricardo swirl ratio of inlet port 2.8 

*BSFC is an acronym for ‘brake specific fuel consumption’. 

Table 2. Specifications of the test engine 

 

 
 

Fig. 3. Combustion experimental apparatus 

EGR rate is denoted by the follow formula. 

EGRሺ%ሻ ൌ
COଶ,୍ െ COଶ,୅
ଶ,ாܱܥ െ ଶ,ூܱܥ

 

where, E, I, and A denote exhaust gas, inlet gas and atmosphere respectively. 

3. Experimental results and discussions  

The operating conditions are set at 1400 r/min, 0.575MPa, 1.18-2.29 of excess air ratio (λ) 
(EGR rates from 0 to 33%) (referred to as case A) and 1000 r/min, 0.29MPa, 1.68-2.92 of λ  
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(EGR rates from 0 to 80%) (referred to as case B). Experiments are carried out using the 
UMH nozzle and the original nozzle respectively. The cyclic fuel can’t be completely 
injected into the combustion chamber before ignition because of smaller flow rate of the 
original nozzle, so experiment with the original nozzle can only achieve the conventional 
combustion. It means that this combustion can’t eliminate the trade-off relationship between 
reduction of NOx and soot emissions, and accordingly the engine with the original nozzle is 
only tested in original condition. Experiments with the UMH nozzle, however, are carried 
out by adjusted EGR rates, injection pressures and injection timings to achieve the low-
temperature premixed combustion. These optimum parameters (include EGR rate, injection 
pressure and injection timing) are different for case A and B to achieve the minimum values 
of NOx and soot emissions while keep the break specific fuel consumption (BSFC) not to be 
significantly deteriorated because their excess air ratios are different.  

3.1 Effects of injection timing on combustion characteristics 

The EGR rates of case A and B are set at 28% and 80% respectively, and the injection 
pressure is all 110MPa. NOx, soot, HC, CO, BSFC and cylinder pressure are measured by 
varying the injection timing. The results are shown in Figure 4. 

It can be seen that NOx and soot emissions are simultaneously decreased by 43% and 94% 
respectively with retarding the injection timing from -4°ATDC to 3°ATDC in case A. For 
case B, NOx and soot emissions are also simultaneously decreased by 42% and84% 
respectively with retarding the injection timing from -4°ATDC to -1.5°ATDC, further 
retarding to  -1°ATDC causes continuing reduction of NOx but increase of soot. 

It is not difficult to understand NOx reduction with retarding the injection timing. The heat 
release rates at different injection timing are shown in Figure 5. The fuel injection rate curves 
are also plotted in Figure 5 and set at the same start point, accordingly the corresponding 
heat release rate curves must be shifted. In this way, it is convenient to compare the 
combustion characteristics, and to distinguish if the premixed combustion at different 
injection timing is achieved.  

The premixed combustion of this investigation means combustion that occurs after the cyclic 
fuel completely injected into the combustion chamber. Therefore it is important the duration 
between the injection end point and the combustion start point (Shimazaki,2003). This 
duration affects combustion characteristics especially emissions, because it represents the 
degree of the premixed combustion. Here it is defined as the premixed degree duration 
denoted by τpmix. The cyclic fuel has not been completely injected into the combustion 
chamber prior to ignition when τpmix is less than zero, it means the complete premixed 
combustion can’t be achieved, still belongs to the conventional combustion. However, the 
cyclic fuel has just been completely injected into the combustion chamber prior to ignition 
when τpmix is equal to zero, but it is short for fuel and air to completely mix, which can not 
form homogeneous mixture. The homogeneity of mixture tends to improve with the 
increase of τpmix, and accordingly soot and NOx emissions tend to decrease simultaneously 
when high levels of EGR were used. Soτpmix is a very important parameter to help compare 
between the premixed combustion and the conventional combustion. 
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a) Effects of injection timing on NOx and soot emissions 

 
b) Effects of injection timing on HC and CO emissions 

 
c) Effects of injection timing on BSFC 

Fig. 4. Effects of injection timing on engine performance 

 

Fig. 5. Heat release rates at different injection timing 
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The premixed degree duration τpmix at different injection timings is shown in Table 3. It can 
be seen that the premixed combustion has not been achieved at -4°ATDC of the injection 
timing in case A. The premixed combustion has just been achieved at -1°ATDC of the 
injection timing while τpmix is equal to zero. Theτpmix is equal to 0.3°CA at 3°ATDC of the 
injection timing, which means that it is longer for fuel and air to mix prior to ignition. The 
longerτpmix is, the more homogeneous mixture is. In this way, it is possible to achieve the 
homogeneous charge combustion, eventually soot and NOx emissions are simultaneously 
reduced to very low when high levels of EGR were used. This is different with the 
conventional combustion. For case B, the premixed combustion has already been achieved at 
-4°ATDC of the injection timing whileτpmix is equal to 3.43°CA, so soot is low. The  τpmix is 
equal to 3.9°CA with retarding the injection timing to -2°ATDC, therefore soot is already 
very low. But it can be seen from Figure 5 that the combustion rate is very low with further 
retarding the injection timing to -1°ATDC, which is not beneficial to complete combustion, 
and accordingly causes increase of soot. 

case 
Injection 
start θ1 

Injection 
end θ2 

Combustion 
start θ3 

Ignition delay 
=θ3-θ1 

Τpmix 
=θ3-θ2 

°ATDC °ATDC °ATDC °CA °CA 

A 

-4 6 4.3 8.3 -1.7 
-2 8 6.6 8.6 -1.4 
-1 9 7.8 8.8 -1.2 
0 10 9.3 9.3 -0.7 
1 11 10.7 9.7 -0.3 
2 12 12.1 10.1 0.1 
3 13 13.3 10.3 0.3 

B 

-4 1.6 5.03 9.03 3.43 
-3 2.6 6.18 9.18 3.58 
-2 3.6 7.5 9.5 3.9 

-1.5 4.1 8.2 9.7 4.1 
-1 4.6 8.9 9.9 4.3 

Table 3. Premixed degree durationτpmix at different injection timing 

HC, CO and BSFC have a slight change until 1°ATDC of the injection timing, but the further 
retarding injection timing causes deterioration of these performances in case A. These 
performances are significantly worsened after 1°ATDC of the injection timing because the 
combustion period is far away from the top dead center (TDC). For case B due to higher 
EGR rate, HC and CO emissions are swiftly increased with retarding the injection timing to 
after -1.5°ATDC because of slowing combustion rate, and BSFC is also worsened due to far 
away from TDC of the combustion period.  

3.2 Effects of EGR rate on combustion characteristics 

The injection timing of case A and B are set at 2°ATDC and -1.5°ATDC respectively, 
injection pressure is all 110MPa. NOx, soot, HC, CO, BSFC and cylinder pressure are 
measured by varying EGR rates. The results are shown in Figure 6. 
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a) Effects of EGR rate on NOx and soot emissions 

 
b) Effects of EGR rate on HC and CO emissions 

 
c) Effects of EGR rate on BSFC 

Fig. 6. Effects of EGR rate on engine performance 

It can be seen from Figure 6 that NOx is linearly decreased with the increase of the EGR rate. 
For case A, NOx is decreased by 71% and 89% respectively when the EGR rate is from zero to 
28% and 33%. Soot is almost unchanged when the EGR rate is less than 28%, but further 
increasing the EGR rate causes swift increase of soot emission. For case B, NOx is decreased by 
88% when the EGR rate is from zero to 80%, but soot has a complicated tendency. Firstly soot 
has a slight change when the EGR rate is low, then reaches the maximum value when the EGR 
rate is 20%, however soot begins to decrease swiftly with further increase of the EGR rate. 

Figure 7 shows the heat release rates and Table 4 shows the premixed degree duration τ-
pmix at different EGR rates. The reduction of oxygen concentration with EGR causes NOx 
decrease and soot increase, but on the other hand, longerτpmix due to EGR causes soot 
decrease. Therefore effects of EGR on soot emission are as follows. Lower EGR rates don’t 
cause significant change of soot. But soot is deteriorated when the EGR rate is more than 28% 
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in case A due to lower excess air ratio (lower oxygen concentration). Longer τpmix, however, 
dominates combustion process compared to oxygen concentration decrease when the EGR rate 
is high in case B due to higher excess air ratio. There is much time for fuel and air to mix prior 
to ignition with the aid of EGR. This is beneficial to the formation of a homogeneous mixture. 
Therefore soot has been greatly decreased again when EGR rate is high in case B. 

HC, CO and BSFC have a slight change when the EGR rate is less than 22%, then begin to 
increase with further increase the EGR rate, especially worsen when the EGR rate reaches 
33% in case A. For case B, however, HC, CO and BSFC have a slight change when EGR rate 
is less than 30%, then begin to worsen with further increase of the EGR rate. This is because 
of an incomplete combustion causing with the EGR rate increase. 

 
Fig. 7. Heat release rates at different EGR rates 

case 
EGR 
rate 

Injection 
start θ1 

Injection 
end θ2 

Combustion 
start θ3 

Ignition delay 
=θ3-θ1 

τpmix 
=θ3-θ2 

% °ATDC °ATDC °ATDC °CA °CA 

A 

0 2 12 9.7 7.7 -2.3 
22 2 12 11.6 9.6 -0.4 
28 2 12 12.1 10.1 0.1 
33 2 12 12.6 10.6 0.6 

B 

0 -1.5 4.1 6.94 8.44 2.84 
20 -1.5 4.1 6.95 8.45 2.85 
40 -1.5 4.1 7.52 9.02 3.42 
50 -1.5 4.1 7.73 9.23 3.63 
60 -1.5 4.1 7.75 9.25 3.65 

Table 4. Premixed degree duration τpmix at different EGR rates 

3.3 Effects of injection pressure (rail pressure) on combustion characteristics 

The injection timing of case A and B are set at 2°ATDC and -1.5°ATDC respectively, EGR 
rates are set at 28% and 80% respectively. NOx, soot, HC, CO, BSFC and cylinder pressure 
are measured by varying the injection pressure. The results are shown in Figure 8. 
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with the injection pressure further increase. This is maybe due to the spray wall-
impingement with the injection pressure further increase. 

 
a) Effects of injection pressure on NOx and soot emissions 

 
b) Effects of injection pressure on HC and CO emissions 

  
c) Effects of injection pressure on BSFC 

Fig. 8. Effects of injection pressure on engine performance 

Figure 9 shows the heat release rates and Table 5 shows the premixed degree duration τpmix 
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CO emissions are also decreased. In case B, althoughτpmix keeps almost unchanged with the 
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injection pressure increase from 90MPa to 110MPa, but the higher injection pressure can 
improve mixing of fuel and air, so soot can be significantly reduced. Over spray penetration, 
however, leads to bad performance when the injection pressure reaches 120MPa. 

 
Fig. 9. Heat release rates at different injection pressure 
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Injection 
end θ2 

Combustion 
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Ignition 
delay 

=θ3-θ1 
τpmix =θ3-θ2 

°ATDC MPa °ATDC °ATDC °CA °CA 

A 2 
110 12 12.1 10.1 0.1 
90 12.5 12.8 10.8 0.3 
75 13.4 12.9 10.9 -0.5 

B -1.5 

120 4 7.72 9.22 3.72 
110 4.1 8.2 9.7 4.1 
90 4.2 8.92 9.22 4.72 
75 4.7 9.5 11 4.8 

Table 5. Premixed degree duration τpmix at different injection pressure 

3.4 Combustion characteristics comparison between UMH nozzle and original nozzle  

Figure 10 shows that the relationship of NOx and soot emissions is compared between the 
UMH nozzle and the original nozzle (original engine). Because engine with the original 
nozzle can’t achieve the complete premixed combustion and still belongs to the 
conventional combustion, which trade-off relationship between reduction of NOx and soot 
emissions can’t be overcome. So the engine with the original nozzle is only tested in the 
original condition, this result is used to compare with that of the UMH nozzle. The engine 
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simultaneous reduction of NOx and soot emissions. Therefore it is tested by adjusted the 
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emissions. It can be seen that NOx is high but soot very low without EGR, and then NOx is 
swiftly decreased with the EGR rate increase. In sum, for case A, NOx and soot emissions 
can simultaneously achieve minimum values when EGR rate is 28%, and combing suitable 
injection pressure and injection timing. For case B, NOx is very low when EGR rate is 80%, 
and soot is also simultaneously reduced to very low value combing suitable injection 
pressure and injection timing. Table 6 shows combustion characteristics comparison 
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between the UMH nozzle and the original nozzle. NOx and soot emissions of the UMH 
nozzle are reduced by 68.2% and 20% respectively than that of the original nozzle in case A, 
but BSFC increases by 10.4%. For case B, NOx and soot emissions of the UMH nozzle are 
reduced by 78.1% and 76.2% respectively than that of the original nozzle, but BSFC only 
increases by 8.7%. This is because the excess air ratio of case B is higher than that of case A. 
Therefore case B can use higher EGR rate than case A, which leads to the achievement of 
much more lean-homogeneous charge combustion.  

  
Fig. 10. NOx—soot emissions comparison between UMH and original nozzle 

case 
Nozzle 

type 

EGR 
rate 

excess 
air ratio 

λ 

Injection 
pressure 

Injection 
start 

NOx HC CO soot BSFC τpmix 

% MPa °ATDC g/kW.h °CA 

A 

Original 
nozzle 

0 2.25 75 -2 7.35 0.54 1.38 0.05 235 -2 

UMH 
nozzle 

28 1.49 110 2 2.34 0.73 10.33 0.04 259.4 0.1 

B 

Original 
nozzle 

0 3.5 50 0 6.73 1.52 7.69 0.005 252.6 -4.6 

UMH 
nozzle 

80 1.68 110 -2 1.47 5.08 21.15 0.001 274.8 4.1 

Table 6. Combustion characteristics comparison between UMH and original nozzle 

4. Conclusions 

1. The UMH nozzle has a large flow area of holes, which is beneficial to homogeneous 
mixture preparation prior to ignition. The better premixed combustion can be 
achieved combing the UMH nozzle with EGR, suitable injection pressure and 
injection timing to obtain simultaneous reduction of NOx and soot emissions in a 
diesel engine. 

2. For case A, NOx and soot emissions of the UMH nozzle compared with the original 
nozzle are simultaneously reduced by 68.2% and 20% respectively when the EGR rate is 
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28% (excess air ratio is 1.49), the injection pressure is 110MPa and  the injection timing is 
2°ATDC. For case B, however, NOx and soot emissions of the UMH nozzle compared 
with the original nozzle are simultaneously reduced by 78.1% and 76.2% respectively 
when the EGR rate is 80% (excess air ratio is 1.68), the injection pressure is 110MPa and 
the injection timing is -1.5°ATDC. 

3. Case B can use higher EGR rate to achieve much more lean-homogeneous charge 
premixed combustion because the excess air ratio of case B is higher than that of case A. 
Therefore it can obtain remarkably simultaneous reduction of NOx and soot emissions 
and slight increase of BSFC by 8.7% compared with the original engine. 
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1. Introduction 
Combustion engines are still the major propulsion devices for many mechanical equipment 
including mostly all automotive vehicles. Unfortunately, they negatively affects natural 
environment due to exhaust gas emission consisting of harmful compounds, like the carbon 
monoxide CO, unburned hydrocarbons HC, nitric oxides NO and NO2 (altogether marked 
as NOX), solid particles PM, and finally the carbon dioxide CO2, that is to blame for the 
global warming phenomenon. All of them may cause human health deterioration or 
unwanted changes in the atmosphere in a large scale. As the examples, formation of the 
photochemical smog where hydrocarbons and oxides of nitrogen play the main role, or 
destruction of the ozone protective layer with participation of nitric oxide can be pointed 
here. There are also many other compounds in the exhaust gases which, besides their eco-
toxicity, show also a serious carcinogenic action against people and animals, e.g. some 
hydrocarbons and particulate matter fractions. 

The prevention-natured, legislative limitations of vehicle exhaust emission stemmed from 
these threats, together with the current and prospective growth of road transportation 
intensity, calls for continuous effort to develop vehicle powertrains that must be done both 
in design and technology domains. Hence the combustion engine improvement works have 
been spreading out within the space of last decades, and now they consider more and more 
factors. They pursue a simultaneous decreasing of harmful exhaust emission (CO, HC, NOX, 
PM) and fuel consumption. Particularly, the thing is to cut down on CO2 emission by 
increasing engine total efficiency. Fulfilling all above tasks encounters many problems. They 
contradict each other, what originates from complex physical and chemical interactions 
during the working cycle of piston engines, especially at combustion stage, where many 
phenomena combine together in the same time and area. For example, in direct injection 
engines simultaneously occurs: injection, fuel atomization and vaporization, induction of 
ignition or autoignition, fuel burning and many other chemical processes. All it takes only a 
few milliseconds. That is why improving exhaust emission parameters usually claims 
resignation from good fuel efficiency, and vice versa, fuel consumption decreasing escalates 
harmful emission. Hence, it is necessary to perform a lot experimental research in order to 
find an optimal solution. Unfortunately, they are generally complicated and expensive, but 
they could be successfully supported by numerical simulation. By the way, computational 
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methods allow boundary-free analyzing and may narrow the range of further experiments. 
They are also much more time and cost-efficient than test bed investigations. 

Fuel injection in combustion engines belongs to the most important working processes. 
Particularly, in direct injection (DI) engines, both gasoline and diesel one, it truly triggers 
and controls combustion, influencing all output engine performances together with exhaust 
emissions. Thus, improving of combustion engines should always consider fuel injection 
optimization, before other kinds of engine processes are being tested. Techniques harnessing 
mathematical simulations are the good ways to do this in the first stage. Such approach will 
be shown further. 

2. The background of fuel injection process and its impact on combustion 
Obtaining the desired operational engine parameters like break mean effective pressure 
(BMEP), overall engine efficiency, or environmental indexes (exhaust emissions, noise), 
essentially depends on the combustion rate, and previously on formation of flammable 
mixture. It particularly comes true in case of a direct injection engine. As far as a quality of 
combustible mixture is concerned, both the appropriate fuel atomization and fuel mixing 
with the air charge is important here, just as the precise metering of fuel amount injected in 
every cycle, and providing equal amounts of fuel for each cylinder of the engine. In direct 
injection engines, a fuel injection system has the main responsibility for creating proper fuel-
air mixture, which can be characterized by an appropriate macro- and microstructure. Air 
swirl has a minor importance here, or even can make the whole process worsened due to 
cylinder wall wetting possibility. 

On the whole, the mere combustion process is sensitive to many factors which may be 
classified into four groups (Wajand, 1988): 

 physical and chemical properties of fuel, e.g. fractional and chemical composition, 
cetane/octane number, temperature of fuel (auto)ignition, etc; 

 structural properties of the engine, e.g. combustion chamber shape, main engine 
dimensions, compression ratio, materials used, etc; 

 operation and regulation conditions of the engine: rotational speed of the crankshaft, 
engine load, ignition (or start of injection) timing, etc; 

 fuel injection system layout that generates fuel delivery process with the specific fuel 
spray parameters; it influences directly combustion rate, as is discussed above. 

These considerations indicate that the fuel injection parameters are important factors 
affecting combustion process and consequently the engine parameters, what has been also 
verified by experimental studies (Kuszewski & Szlachta, 2002; Zabłocki, 1976). 

A process of fuel injection into the engine cylinder might be described by parameters related 
to injection rate and spray characteristics. The set of injection rate parameters consists of: 

-  start of injection (SOI) timing referred to crankshaft position angle [deg], 
- injection duration referred to crankshaft rotation angle [deg], 
- mean flow rate of the fuel in a whole injection duration [mm3/deg], 
- actual fuel injection rate (instantaneous fuel flow velocity) [mm3/deg], 
- maximum fuel flow velocity [mm3/deg]. 
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Presently, the pressure-accumulative fuel systems with electronically controlled injectors are 
widely used, e.g. Diesel common rail (CR) one. In such systems, the injection rate essentially 
depends on two parameters: the shape of electrical signals in the injector and the hydraulic-
mechanical characteristic of the injector. The change of pressure in the fuel storage is so 
small and affects fuel injection rate so little that it can be neglected in simulation works on 
engine operation. 

The fuel spray characteristics may be described by the following parameters: 

- spray tip velocity and penetration, 
- spray tip angle, 
- fuel atomization quality expressed by mean diameter of droplets and its dispersion,  
- distribution of fuel mass along and across the spray, 
- equivalent mean droplets size: linear, areal, volumetric, areal-volumetric (Sauter). 

Preparation of flammable mixture in a direct injection engine becomes involved not only 
with strategy of fuel delivery, but also with areal distribution of fuel in the cylinder space. It 
should be noticed that a lot of factors influencing the fuel injection rate also plays an 
important role in fuel atomization quality, resulting in fuel mixing with air inside the 
cylinder. 

3. Demonstration of combustion model 
All mathematical models of combustion engine working cycle can be sorted as follows 
(Rychter & Teodorczyk, 1990): 

1. considering dimensions, we have: 
- zero-dimensional models, 
- quasi-dimensional models, 
- multi-dimensional models; 
2. considering a number of recognized zones, we have: 
- one-zone models, 
- two-zone models, 
- multi-zone models. 

Above segmentation defines a model complexity and fidelity in representation of real 
processes in the model. It is also connected with complication in mathematical tools used for 
simulation. There are a lot of examples which combines the models according to the above 
segmentation (Khan et. al., 1973; Patterson, 1994, 1997; Rychter & Teodorczyk, 1990). The 
fundamental problem in choosing a proper type of the model is to find a compromise 
between accuracy and intellectual labor involved to describe all physical phenomena. A 
priority here is the goal of analysis. As a rule, for comparative and/or quantitative research, 
a simplified model can be used with receiving good results; for qualitative investigations 
more precise model should be worked out instead. 

In a preliminary analysis toward model formulating, a number of physical and chemical 
processes that occur during the injection, combustion and exhaust pollutant formation were 
taken into consideration. The latest theoretical and experimental results were regarded. A 
great effort was made to include to the analysis all phenomena that have a major impact on 
the various processes modeled, so as their actual nature would be reproduced. Thanks to 
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this, the model enables to simulate the effect of many structural and operational factors on 
the engine performance, including detailed emissions. 

As a result, a two-zone quasi-dimensional model has been developed. Comparing to single-
zone models, the own one is characterized by a much more accurate description of the 
phenomena in a combustion chamber. This attribute greatly emphasizes the scientific and 
utilitarian aspect of such a solution. In addition, the model permits to be extended easily of 
additional, computational blocks. In this respect, the proposed method of analysis 
exemplifies an important cognitive value and is rarely found in the literature. 

Below, an application of worked out, two-zone, quasi-dimensional model of combustion for 
direct injection diesel engine will be presented. Splitting the combustion chamber into two 
zones for models of such type of the engines makes a fidelity in representation of phenomena 
proceeded inside the cylinder much precise, although it complicates mathematics. 

 dVinj

zone II

zone I

dMv 
dQh 

dMex 

p, VII, TII, MII, 
UII, RII 

p, VI, TI, MI, 
UI, RI 

pdV

dQc NOx

CO2

O2 

H2O
N2O 

C12H22

 
Fig. 1. The scheme of physical and chemical processes proceeded in a combustion chamber 
of direct injection (DI) diesel engine (Woś, 2008)1 

As is shown in the Fig. 1, inside the cylinder of volume V and pressure p, at the end of 
intake stroke there is a fresh air charge of a mass Mch, and at the moment determined by the 
start of injection angle, an initial fuel quantity begins to be injected. The fuel volume flow 
rate is dVinj/dφ. Here, dφ means the increment of an independent variable that is the 
crankshaft angle. A part of the fuel begins to evaporate with the rate equals to dMv/dφ. It 
forms the spray cones of total volume VII, consisted of fuel-air mixture. Through that, the 

                                                 
1 The denotations are explained in the chapter body. 
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combustion chamber is divided onto two zones: the first one (I) - consisting of the rest of 
fresh charge, and the second one (II) - drawn by fuel-air mixture boundaries. After short 
time of autoignition delay τo, the process of evaporated fuel combustion gets set on and runs 
with the burning rate equals to dMh/dφ. It generates a heat flux đQh/dφ that is supplied 
into the zone II. Between both zones (I and II), a mass transfer process occurs (dMex/dφ), 
and between cylinder walls and both zones a heat transfer process occurs also with the rate 
đQc/dφ. The whole system gives an elementary mechanical work equals to pdV/dφ. Except 
of fundamental combustion reaction, the other free selected ones can be implemented 
(dissociations, pollutant formation) in order to check various engine output parameters. 

3.1 The model core based on thermodynamic theory 

In relation of above physical model, a mathematical model of engine working cycle was 
formulated with taking some indispensable assumptions into consideration. The essential 
equation for energy conversion inside the cylinder is differential equation of the first law of 
thermodynamics for open systems: 

 dU ðQ dV dH
p

d d d d   
     (1) 

where: 

U–internal energy of the system [J], 

Q–heat delivered to/derived from the system [J], 

V–system volume [m3], 

p–system pressure [Pa], 

H–enthalpy delivered to/derived from the system [J], 

φ–crank angle [deg]. 

Above equation is valid for both zones of the elaborated model, but it must be developed 
further in order to calculate temperature change in both zones. According to the 
assumptions taken in the physical model, we can write as follows (detailed evaluation can 
be found in (Woś, 2008)): 

for heat fluxes: 

 

c II

c IIII h v

ðQðQ
d d

ðQðQ ðQ ðQ
d d d d

 

   

 

   

  (2) 

for mass transfers: 
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and for enthalpy fluxes: 

 

exI
ex

v exII
v ex

dMdH
h

d d
dM dMdH

h h
d d d

 
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 

   
. (4) 

where: 

I, II–subscripts referred to zone I and II, in order, 

Qc–heat of cooling [J], 

Qh–heat generated by combustion [J], 

Qv–heat consumed by vaporizing fuel [J], 

Mex–mass transferred between both zones [kg], 

Mv–mass of evaporated fuel [kg], 

hex–specific enthalpy of transferred mass; it is specific enthalpy of I or II zone depending on 
direction of mass flow [J/kg], 

hv–specific enthalpy of fuel vapor [J/kg], 

Total internal energy of any thermodynamic system can be expressed by multiplying 
specific internal energy u and system mass M. Thus, we can also differentiate this 
multiplication, what gives: 

 
( )dU d M u dM du

u M
d d d d   


       (5) 

If we consider that specific internal energy u for various compounds mixture can be 

calculated:  iu u g i
i

  ; then, assuming i
i

i

dg
u

d
 

 
 

  as near to null, we will get: 

 i
i

i

udu dT
g

d d T 
     

   (6) 

where: 

ui-specific internal energy for an “i” component [J/kg], 

gi-mass fraction of an “i” component in a whole system [kg/kg], 

T-temperature of the system [K]. 

Substitution of all above equations into the fundamental equation (1) for both zones will 
give a system of two differential equations with three unknowns: dTI/dφ, dTII/dφ, and 
dMex/dφ: 
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(7) 

The other differentiates, such as đQI/dφ, đQII/dφ, dVI/dφ, dVII/dφ, dMv/dφ, can be 
calculated with use of independent submodels. To resolve above system algebraically, 
dMex/dφ must be eliminated and expressed by other known components. To do that, we 
can use an overall assumption that the pressure p in both zones is always equal in value: 

 pI = pII (8) 

According to the ideal gas law equation of Clapeyron, it also means that: 

 I I I II II II

I II

M R T M R T
V V
   

   (9) 

where the symbols refer to both zones, such as subscript indicates, and they mean as follows: 

M–mass of the zone [kg], 

R–universal gas constant for a whole zone [J/(kg·K)], 

T–average temperature of the zone [K], 

V–zone volume [m3]. 

Going ahead, at any time the mass of the first zone is the sum of initial mass of fresh air 
charge Mch and mass transferred Mex. Similarly, for the second zone it is a mass of 
evaporated fuel Mv from which the transferred mass Mex must be subtracted. Then 
transferred mass can be evaluated as follows: 

 chv II II I I I II
ex

I I II II II I

M R T V M R T V
M

R T V R T V
      


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  (10) 

To differentiate it relatively to the crank angle variable φ, we receive a formula for 
component dMex/dφ as a function expressed by the other differentiates: 

 ex I II I II vdM dT dT dV dV dM
, , , ,f

d d d d d d     
 

  
 

  (11) 

Now, replacing the component dMex/dφ in the system of equations (7) with the above 
function we receive a new system of two differential equations with only two unknowns: 
dTI/dφ, dTII/dφ, i.e.: 
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Fuel Injection in Automotive Engineering 

 

74

where A, B, C, D, E, F contains expressions of known variables, which can be evaluated by 
use of independent submodels and/or separated formulas. In this shape of the system, the 
unknowns dTI/dφ, dTII/dφ can not be calculated numerically yet. Such methods need 
explicit from of the equations. To get it, the system (12) has to be transformed (solved 
algebraically) relatively to dTI/dφ, dTII/dφ, which mean the variables now. For instance, 
applying the method of Cramer determinants we will get: 
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II
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d B D E A
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


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  (13) 

Above computer simulation friendly form of equations can be already implemented into the 
numerical calculation package and allow program running. Obviously, this core model has 
to be added with necessary sub-models describing other phenomena like heat transfer, fuel 
injection, fuel atomization and evaporation, ignition delay, combustion rate, combustion 
products formation, etc. The chosen ones will be shown further. 

3.2 Fuel injection model 

Modeling of the fuel injection in the combustion chamber space is one of the most difficult 
issues in all simulation works regarding the processes in reciprocating combustion engines. 
This is caused mainly by limited expertise knowledge in this field. Thus, in simulation 
works covering the combustion chamber space, a representation level of fuel injection 
submodel, as well fuel evaporation and combustion one is assumed with consideration of 
total accuracy of the whole model. More complex, spatial mathematical description should 
be used only in the cases where the injection process is the main essence of modeling. 

In the current study, a number of simplifying assumptions in description of the fuel 
injection process have been made. Nevertheless, they were tailored to the level of accuracy 
in whole zero-dimensional model layout. According to the preliminary analysis, it has been 
assumed that the distribution of fuel density in the sprays generated is the same in all 
directions; next, the shape of sprays is characterized by a constant tip angle, and spray 
microstructure is described by the mean droplet diameter according to Sauter definition 
(SMD – Sauter Mean Diameter) and it is uniform throughout the entire space of fuel jet. 

 

r

s

r 2
r

 
Fig. 2. A model for single fuel spray geometry (Woś, 2008) 
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According to the physical model layout that is shown in Fig. 1, the geometry of fuel injection 
sprays defines the volume of the zone of fuel-air mixture signed as zone II. A following 
simplified single spray cone geometry model has been adapted (Fig. 2). 

Spray tip penetration s and tip angle 2α are the principal parameters. They allow calculating 
the volume of zone II (VII) by multiplying the volume of elementary spray and number of 
sprays generated by the injector, i.e. the number of holes in the sprayer i: 
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Equation (14) expresses an instantaneous volume of the zone II that varies within the 
injection duration. According to the assumptions made, the change of zone II volume (VII) 
just depends on a spray tip penetration increasing ds/dφ: 
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where the symbols used in above equations, both (14) and (15), mean: 

VII(φ)–total volume of combustion zone II at specified crankshaft angle position [m3], 

dVII /dφ –change of total volume of zone II [m3/deg], 

i–number of holes in the sprayer [–], 

s(φ)–spray tip penetration at specified crankshaft angle position [m], 

vs(φ)–spray tip velocity at specified crankshaft angle position [m/deg], 

α–a half of spray tip angle [rad], 

φ–independent variable: crankshaft angle position [deg]. 

Empirical formulas have been used for further analysis. They are based on criterion numbers 
that are widely used in fluid mechanics. And so, the relationship of spray tip penetration s and 
velocity vs is given by the following formulae (Orzechowski & Prywer, 1991): 
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where: 

s(φ), vs(φ)–spray tip penetration [m] and velocity [m/s] at crankshaft angle position φ, 

dr–spraying hole diameter [m], 

n–crankshaft rotational speed [1/min], 

φ–independent variable: the current crankshaft angle position [deg], 

φinj–crankshaft angle position at start of injection [deg], 

w0–an initial velocity of fuel spray tip left the injector [m/s], 

 0
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f

p
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
 

   (18) 

μ–flow factor of the injector holes [–]; μ ≈ 0.7 according to (Orzechowski & Prywer, 1991), 

Δp–pressure drop inside the sprayer [Pa], 

ρf–fuel density [kg/m3], 

au–factor of free-stream turbulence in the spray tip layer [–], 

 au = C1· Wek · Lpl · Mm (19) 

We–dimensionless Weber criteria number [–], 
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Lp–dimensionless Laplace criteria number [–], 
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M–air to fuel density ratio [–], 

 g

f
M




  (22) 

w–relative velocity of fuel droplets inside the spray jet [m/s]; w = w0, 

dr–diameter of sprayer holes [m], 

σf–fuel surface tension [N/m], 

ρf–fuel density [kg/m3], 

ρg–cylinder charge density (air density) [kg/m3], 

ηf–fuel absolute viscosity [kg/(m·s)], 

C1, k, l, m–experimental constants (see Table 1). 
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For high backpressure 
(M = 0.0095 - 0.028) 

For low backpressure 
(M = 0.0014 - 0.0095) 

C1= 2.72 
k= −0.21 
l= 0.16 
m= 1 

C1= 0.202 
k= −0.21 
l= 0.16 

m= 0.45 

Table 1. The values of experimental constants C1, k, l, m used for calculation of spray tip 
penetration (Orzechowski & Prywer, 1991) 

The spray tip angle, similarly to the spray tip penetration, is the function of parallel known 
parameters, i.e. densities of fuel and cylinder charge (ρf, ρg), fuel absolute viscosity and 
surface tension (ηf, σf), an initial velocity of fuel spray tip left the injector (w0), diameter of 
sprayer holes (dr) and time (t). Excepting an initial phase o the injection, the spray tip angle 
does not change, so the effect of time axis can be neglected. Further analysis is based on the 
following formula: 

 tg α = C· Wek · Lpl · Mm (23) 

hence: 

 α = arctg (C· Wek · Lpl · Mm) (24) 

where: 

α–a half of spray tip angle [rad], 

We, Lp, M–same numbers as for equations (20)-(22), 

C, k, l, m–experimental constants (see Table 2). 

For high backpressure 
(M = 0.0095 – 0.028) 

For low backpressure 
(M = 0.0014 – 0.0095) 

C= 0.0089 
k= 0.32 
l= 0.07 
m= 0.5 

C= 0.0028 
k= 0.32 
l= 0.07 

m= 0.26 

Table 2. The values of experimental constants C, k, l, m used for calculation of spray tip angle 
(Orzechowski & Prywer, 1991) 

The last but not least of the analyzed parameters that is essential for this methodology is 
microstructure parameter of the spray jet, i.e. mean diameter of droplets. It means an 
equivalent average value respecting the whole spectrum of diameters of actual droplets 
generated by the injector. There are a few definitions of equivalent droplet size. Each of 
them can be described according to the general formula: 
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where: 

dp,q–theoretical equivalent mean diameter of droplets in a spray jet [mm], 

p, q–the exponents that correspond with adopted definition of droplet mean diameter [–]; 
the values of p and q and formula shape for various definitions is given in Table 3, 

di–an actual diameter of droplet in spray jet [mm], 

ni–the number of droplets of the actual diameter di [–]. 

Equivalent mean diameter of droplets p q Calculation formula 
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Table 3. The list of chosen definition formulas for calculation of mean diameter of droplets 
in a spray jet (Orzechowski & Prywer, 1991) 

For combustion engine research area, the most usefulness definition is this one, given by 
Sauter formula d3,2 (Table 3). It allows the most accurate rendering of the phenomena, where 
evaporation, heat and mass transfer, and combustion proceeds and is strictly crucial. Since 
the equation of SMD definition can be used only for research of mere injection process, 
comparative studies give different empirical formulas for calculations with using other 
parameters. For example, Hiroyasu and Katoda (Hiroyasu & Katoda, 1976) elaborated the 
experimental formula which is convenient to use in engine fuel injection and combustion 
studies. The equation, which has been consequently used by other researchers (Benson et. 
al., 1979; Heywood, 1988) is following: 

 d3,2 = A· Δp−0.135  ρg 0.121  qVf 0.131 (26) 

where: 

d3,2–Sauter mean diameter [μm], 

A–a constant for specific sprayer type [–]; for hole sprayer: A = 23.9, 
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Δp–fuel injection overpressure [MPa], 

ρg–density of cylinder charge [kg/m3], 

qVf–amount of a single fuel injection volume [mm3]. 

The presented methodology for calculation of fuel spray jet parameters is based on extensive 
experimental studies. Thus it is expected to provide a good consistence of calculated results 
with experiments. 

3.3 Fuel evaporation model 

Fuel evaporation process is a predecessor of combustion, which begins to run just after the 
start of injection. The evaporation rate is the function of numerous factors, both spray 
surroundings and the mere fuel parameters. Nevertheless, the temperature inside the 
combustion chamber is the most important here. For a single fuel droplet, a relationship 
between size decreasing and evaporation intensity is known (Kowalewicz, 2000): 

 d02 − d2 = K · t (27) 

where: 

K–evaporation intensity factor that depends on temperature of surrounding where the fuel 
is injected [mm2/s], 

t–evaporation time [s], 

d0–initial diameter of droplet [mm], 

d–diameter of droplet after the time t [mm]. 

An evaporation intensity factor K is the function of temperature and can be derived from 
experimental measurements. The equation (27) allows calculating the time of complete 
droplet evaporation by assuming d = 0. Also the total mass flux of the fuel vapor coming 
from a single droplet can be determined as follows: 

 0
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K d
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   
  (28) 

where: 

vm –fuel vapor mass flux generated by evaporating single droplet of initial diameter d0 

[g/s], 

ρf–fuel density [g/mm3], 

K, d0–the same values as for equation (27). 

The mass flux of fuel vapor coming from the entire spray jet depends on the numbers of 
droplets and their size distribution (atomization spectrum). Exact quantitative calculations 
are practically impossible here. Hence, the averaging equivalent values must be considered 
including droplet mean diameter and the number of droplets in accordance with actual fuel 
volume injected. From the droplet equivalent size theory we can estimate the number of 
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droplets of Sauter mean diameter d3,2 covered by the spray jet consisting of the liquid fuel of 
a volume Vf: 

 3
3,2

6 fV
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
 (29) 

where: 

x–the number of droplets of Sauter mean diameter d3,2 inside the spray jet [–], 

Vf–the volume of injected and atomized fuel [mm3], 

d3,2–Sauter mean diameter (SMD) [mm]. 

The mass flux of fuel vapor that comes from the entire stream jet is calculated as follows: 
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where: 

vM –total mass flux of fuel vapor [g/s], 

'vm –mass flux of fuel vapor comes from evaporation of single droplet located in a cloud of 

droplets [g/s], 

x–the number of droplets in the stream jet [–], 

p1–factor correcting vaporization intensity of droplets (K) located in the cloud; typical value 
of p1 is p1 ≈ 0.8-0.9, 

K, d32, Vf, ρf – the same values as for equations (27)-(29). 

The value of p1, according to (Kowalewicz & Mozer, 1977; Kucharska-Mozer, 1975; Mozer, 
1976), respects the impact of cloud of droplets on the single evaporating droplet. It decreases 
the value of evaporation intensity factor K, because the close presence of other evaporating 
droplets slows down vaporization due to local temperature lowering.  

Finally, it was assumed that the change of droplets size produces the same effect as the 
change of quantity of droplets of unchanged diameter. Then, the instantaneous fuel 
vaporization speed (total fuel vapor flux) can be expressed by differential equation: 
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where: 

dMv/dφ–instantaneous fuel vaporization speed [kg/deg], 

φ–independent variable: the current crankshaft angle position [deg], 

K(TII(φ))–evaporation intensity factor as the function of the zone II temperature [mm2/s], 
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n–crankshaft rotational speed [1/min], 

Vf(φ)–instantaneous volume of liquid fuel in the stream jet [m3], 

        –remaining denotations are as same as in equations (28)-(30). 

Instantaneous volume of liquid fuel in the stream jet depends on fuel injection rate and fuel 
vaporization speed. It can be described by the following differential equation: 

 
 1 6

2
3,2

( )
( ) ( ) ( )

( ) ( )
( ) 10

6

f v
inj v inj

f

II f
inj

dV M
V V V

d

p K T V
V

n d

  
 

 
 

    


  

 

  


 (32) 

where: 

dVf /dφ–change of liquid fuel volume in the stream jet [m3/deg], 

)(Vinj  –volumetric fuel injection rate [m3/deg], 

        –remaining denotations are as same as in equation (31). 

By resolving equations (30) and (31) that are related each to other we get the rate of 
evaporated fuel as the function of crankshaft rotation angle. When the calculations exceed 
the moment of an autoignition, combustion will start and consequntly, the equation (31) will 
cover the additional component describing fuel vapor loss due to its burning. 

3.4 Models for formation of chemical compounds  

The chemistry of combustion and formation of different compounds can be included into 
the overall structure of the presented model. It will be shown on the example of NO 
formation, where the two of reversible Zeldovich’s reactions will be analyzed (Zeldovich et. 
al., 1947, as cited in Heywood, 1988; Kafar & Piaseczny, 1998): 

 O + N2  NO + N (33) 

 N + O2  NO + O (34) 

On the base of chemical kinetic theory, the formula to calculate the NO formation rate 
according to the above reaction scheme is following: 

 NO
1 2

1
2 [O] [N ]

dn
k

V dt
     (35) 

where: 

V–volume of reaction zone [m3], 

n NO–mole number of NO [mole], 

t–time [s], 

k1–kinetic constant of the first Zeldovich reaction in forward direction [m3/(mole·s)], 
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[O],[N2]–molar concentration of O-atoms and N2-molecules inside the reaction zone 
[mole/m3]. 

It proves that the formation rate is controlled by the first Zeldovich reaction. Atoms of 
oxygen come mainly from dissociation process O2 ↔ 2 O, and their concentration can be 
calculated as follows: 

  
1
2

O 2[O] [O ]cK   (36) 

where: 

KcO–equilibrium constant of oxygen dissociation reaction referred to the concentration 
[mole/m3], 

[O],[O2]–molar concentration of O-atoms and O2-molecules inside the reaction zone 
[mole/m3]. 

Finally, the NO formation rate formula (35) takes a following shape (all denotations are as 
same as above): 
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The same formula can express a mass flux of NO in kilograms, so as to be used directly in 
the model differential equation system: 
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where: 

µ NO–molar mass of nitric oxide [g/mole]; µ NO = 30.0061, 

n–engine crankshaft speed [rev/min], 

–remaining denotations are as same as above. 

The constants KcO and k1 can be gathered from the bibliography sources (Heywood, 1988; 
Rychter & Teodorczyk, 1990), and are equal to: 
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4. Conclusion 
The mathematical model of combustion that is presented in brief in this chapter consists of a 
lot of phenomena. Here, the most important like the energy conversion, fuel injection and 
NOX formation are presented. Many of physical and chemical events occurred in the actual 
engine have been omitted in the model or considered in a reduced form. It is because of 
impossibility in their exact mathematical representation. Surely, it influences model 
accuracy, but can be partially compensated by pre-calculation parametric estimation 
process. This way of model validation shows the disadvantage, i.e. it has to be anew 
performed for each engine taken under simulation. Nevertheless, the presented model can 
be a valuable research tool to be used for extensive studies on combustion in all types of 
stratified charge engines. 
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1. Introduction  

Cavitation refers to the formation of bubbles in a liquid flow leading to a two-phase mixture 
of liquid and vapor/gas, when the local pressure drops below the vapor pressure of the 
fluid. Fundamentally, the liquid to vapor transition can occur by heating the fluid at a 
constant pressure, known as boiling, or by decreasing the pressure at a constant 
temperature, which is known as cavitation. Since vapor density is at least two orders of 
magnitude smaller than that of liquid, the phase transition is assumed to be an isothermal 
process. Modern diesel engines are designed to operate at elevated injection pressures 
corresponding to high injection velocities. The rapid acceleration of fluid in spray nozzles 
often leads to flow separation and pockets of low static pressure, prompting cavitation. 
Therefore, in a diesel injector nozzle, high pressure gradients and shear stresses can lead to 
cavitation, or the formation of bubbles. 

Cavitation, in diesel fuel injectors can be beneficial to the development of the fuel spray, since 
the primary break-up and subsequent atomization of the liquid fuel jet can be enhanced. 
Primary breakup is believed to occur in the region very close to the nozzle tip as a result of 
turbulence, aerodynamics, and inherent instability caused by the cavitation patterns inside the 
injector nozzle orifices. In addition, cavitation increases the liquid velocity at the nozzle exit 
due to the reduced exit area available for the liquid. Cavitation patterns extend from their 
starting point around the nozzle orifice inlet to the exit where they influence the formation of 
the emerging spray. The improved spray development is believed to lead to more complete 
combustion process, lower fuel consumption, and reduced exhaust gas and particulate 
emissions. However, cavitation can decrease the flow efficiency (discharge coefficient) due to 
its affect on the exiting jet. Also, imploding cavitation bubbles inside the orifice can cause 
material erosion thus decreasing the life and performance of the injector. Clearly an optimum 
amount of cavitation is desirable and it is important to understand the sources and amount of 
cavitation for more efficient nozzle designs. 

The flow inside the injector is controlled by dynamic factors (injection pressure, needle lift, 
etc.) and geometrical factors (orifice conicity, hydrogrinding, etc.). The effects of dynamic 
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factors on the injector flow, spray combustion, and emissions have been investigated by 
various researchers including (Mulemane, 2004; Som, 2009a, 2010a; Payri, 2009). There have 
also been experimental studies concerning the effects of nozzle orifice geometry on global 
injection and spray behavior (Bae, 2002; Blessing, 2003; Benajes, 2004; Han, 2002; Hountalas, 
2005; Payri, 2004, 2005, 2008; Som, 2009c). The literature review indicates that while the 
effect of orifice geometry on the injector flow and spray processes has been examined to 
some extent, its influence on engine combustion and emissions is not well established (Som, 
2010b, 2011). To the best of our knowledge, the influence of nozzle geometry on spray and 
combustion characteristics has also not been studied numerically, mainly due to the 
complicated nature of flow processes associated. These form a major motivation for the 
present study i.e., to examine the effects of nozzle orifice geometry on inner nozzle flow 
under diesel engine conditions. With increasingly stricter emission regulations and greater 
demand on fuel economy, the injector perhaps has become the most critical component of 
modern diesel engines. Consequently, it is important to characterize the effects of orifice 
geometry on injection, atomization and combustion behavior, especially as the orifice size 
keeps getting smaller and the injection pressure higher. In order to achieve the proposed 
objectives, we first examine the effects of orifice geometry on the injector flow, including the 
cavitation and turbulence generated inside the nozzle.  

Biofuels are an important part of our country’s plan to develop diverse sources of clean and 
renewable energy. These alternative fuels can help increase our national fuel security through 
renewable fuel development while simultaneously reducing emissions from the transportation 
sector. Biodiesel is a particularly promising biofuel due to its compatibility with the current fuel 
infrastructure geared toward compression-ignition engines. Using biodiesel as a blending agent 
can prolong the use of petrodiesel. Biodiesel is also easily produced from domestic renewable 
resources such as soy, rape-seed, algae, animal fats, and waste oils. Our literature search (Som, 
2010b) identified relatively few studies dealing with the injection and spray characteristics of 
biodiesel fuels. Since there are significant differences in the thermo-transport properties of 
petrodiesel and biodiesel fuels, the injection and spray characteristics of biodiesel can be 
expected to differ from those of petrodiesel. For instance, due to differences in vapor pressure, 
surface tension, and viscosity, the cavitation and turbulence characteristics of biodiesel and 
diesel fuels inside the injector may be significantly different. The injector flow characteristics 
determine the boundary conditions at the injector orifice exit, including the rate of injection 
(ROI) profile as well as the cavitation and turbulence levels; this can have a significant influence 
on the atomization and spray characteristics, and consequently on engine performance. Som et 
al. (Som, 2010b) compared the injection and spray characteristics of diesel and biodiesel (from 
soy-based feedstock) using an integrated modeling approach. This modeling approach accounts 
for the influence in nozzle flow effects such as cavitation and turbulence (Som, 2010a) on spray-
combustion development using the recently developed Kelvin Helmholtz-Aerodynamic 
Cavitation Turbulence (KH-ACT) primary breakup model (Som, 2009b, 2010c). Another 
objective of the current study is to demonstrate a framework within which boundary conditions 
for spray and combustion modeling for different orifice shapes and alternate fuels of interest 
can be available from high-fidelity nozzle flow simulations. 

2. Computational model 

The commercial CFD software FLUENT v6.3 was used to perform the numerical simulation 
of flow inside the nozzle. FLUENT employs a mixture based model as proposed by Singhal 
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et al. (Singhal, 2002). The two-phase model considers a mixture comprising of liquid fuel, 
vapor, and a non-condensable gas. While the gas is compressible, the liquid and vapor are 
considered incompressible. In addition, a no-slip condition between the liquid and vapor 
phases is assumed. Then the mixture properties are computed by using the Reynolds–
Averaged continuity and momentum equations (Som, 2009a). 
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In order to account for large pressure gradients, the realizable k  turbulence model is 
incorporated along with the non-equilibrium wall functions. 
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The turbulent viscosity is modeled for the whole mixture. The mixture density and viscosity 
are calculated using the following equations:  

 (1 )v v v g l g g             (5) 

 (1 )v v v g l g g             (6) 

where  and  are the mixture density and viscosity respectively, and the subscripts v , 
,l g represent the vapor, liquid, and gas respectively. The mass ( f ) and volume fractions 

( ) are related as: 
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Then the mixture density can be expressed as: 
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The vapor transport equation governing the vapor mass fraction is as follows: 
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where iu is the velocity component in a given direction (i=1,2,3),  is the effective diffusion 
coefficient, and e cR , R are the vapor generation and condensation rate terms (Brennen, 
1995) computed as: 
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where  and vP  are the surface tension and vapor pressure of the fluid respectively, and 
k and P are the local turbulent kinetic energy and static pressure respectively. An 
underlying assumption here is that the phenomenon of cavitation inception (bubble 
creation) is the same as that of bubble condensation or collapse. Turbulence induced 
pressure fluctuations are accounted for by changing the phase-change threshold pressure at 
a specified temperature (Psat) as: 

  where, 0.392
turb

v sat turb
PP P P k    (11) 

The source and sink terms in equation (10) are obtained from the simplified solution of the 
Rayleigh-Plesset equation (Brennen, 1995). No-slip boundary conditions at the walls and 
symmetry boundary condition at the center line are employed for the HEUI 315-B injector 
simulations (cf. Figure 3a). 

3. Results and discussion 

This section will first present a new improved criterion for cavitation inception for 
production injector nozzles. This new criterion will provide a tool for assessing cavitation 
under turbulent regimes typical in diesel injector nozzles. The influence of nozzle orifice 
geometry on in-nozzle flow development will be presented next. The influence of fuel 
properties such as density, viscosity, surface tension, and vapor pressure on nozzle flow 
characteristics will be presented. Cavitation and turbulence generated inside the nozzle due 
to geometry and fuel changes will also be quantified. 

3.1 An Improved criterion for cavitation inception 

According to the traditional criterion, cavitation occurs when the local pressure drops below 
the vapor pressure of the fuel at a given temperature i.e., when 0vp p   . This criterion 
can be represented in terms of a cavitation index (K) as: 
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where p , bp , vp are the local pressure, back pressure, and vapor pressure, respectively. This 
criterion has been extensively used in the cavitation modeling community. However, Winer 
and Bair (Winer, 1987) and Joseph (Joseph, 1998) independently proposed that the important 
parameter for cavitation is the total stress that includes both the pressure and normal viscous 
stress. This was consistent with the cavitation experiments in creeping shear flow reported by 
Kottke et al. (Kottke, 2005), who observed the appearance of cavitation bubbles at pressures 
much higher than vapor pressure. Following an approach proposed by Joseph (Joseph, 1998) 
and Dabiri et al. (Dabiri, 2007), a new criterion based on the principal stresses was derived and 
implemented. The formulation for the new criterion is summarized below. 

Maximum tension criterion: 112 0vp S p     

Minimum tension criterion: 112 0vp S p     

The new criteria can be expressed in terms of the modified cavitation index as:  
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where the strain rate S11 is computed as: 
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where u, v are the velocities in x, y direction respectively. 

Under realistic Diesel engine conditions where flow inside the nozzle is turbulent, turbulent 
stresses prevail over laminar stresses. Accounting for the effect of turbulent viscosity the 
new criteria is further modified as: 
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The experimental data from Winklhofer et al. (Winklhofer, 2001) was used for a 
comprehensive model validation. These experiments were conducted in a transparent, 
quasi-2-D geometry wherein the back pressure was varied to achieve different mass flow 
rates. To the best of our knowledge this experimental data-set is most comprehensive in 
terms of two phase information and inner nozzle flow properties. 

Figure 1 presents the measured cavitation contour at injection and back pressures of 100 and 
40 bar respectively, owing to a Reynolds number of 16,000 approximately. It is clearly seen 
from the marked red line that there is significant amount of cavitation at the orifice inlet. 
These cavitation contours extend to certain distance inside the orifice. The vapor fraction 
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contour shows no cavitation (blue represents pure liquid). The classical criterion which 
basically is another way of representing the predicted vapor fraction contour also captures 
the same trend, i.e., hardly any cavitation is observed. The laminar criteria shows cavitation 
inception, however, no advection of the fuel vapor into the orifice is observed. The turbulent 
criteria seems to capture more cavitation with Ct =2 agreeing better with experimental data 
that all the other criteria. 

 
Fig. 1. Comparison between the measured (Winklhofer, 2001), predicted vapor fraction 
contours, and cavitation inception regions predicted by different cavitation criteria. The 
injection and back pressures are 100bar and 40bar respectively. 

 
Fig. 2. Comparison between the measured (Winklhofer, 2001), predicted vapor fraction 
contours, and cavitation inception regions predicted by different cavitation criteria. The 
injection and back pressures are 100bar and 20bar respectively. 
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Figure 2 presents the measured cavitation contour at injection and back pressures of 100 and 
20 bar respectively, owing to a Reynolds number of 18,000 approximately. It is clearly seen 
from the marked red line in the experimental image (Winklhofer, 2001) that there is a 
significant amount of cavitation at the top and bottom of orifice inlet. These cavitation 
contours are symmetric in nature and are advected by the flow to reach the nozzle orifice exit.  

The cavitation contours join near the orifice exit thus the exit is completely covered by fuel 
vapor. The predicted vapor fraction contour also shows significant amount of cavitation 
represented by the fuel vapor contour (in red). However, there is still a significant amount of 
liquid fuel (in blue) present at the orifice exit and the vapor fraction contours do not join 
together as was the case in experiments. The classical criterion which basically is another 
way of representing the predicted vapor fraction also captures the trend as the vapor 
fraction contour. The laminar criterion predicts marginal improvement to the classical 
criterion. This is expected since for high Reynolds number flows the difference between 
these criteria was observed to diminish (Padrino, 2007). Increase in Reynolds number results 
in an increase in turbulence levels inside the orifice. Thus the turbulent stress criterion is 
seen to improve the predictions of vapor fraction contours significantly. All the 
experimentally observed characteristics are captured by the turbulent stress criterion i.e., the 
vapor contours from top and bottom of the orifice are seen to merge together resulting in 
pure vapor at orifice exit. The turbulent criterion seems to capture more cavitation with Ct 
=2 agreeing better with experimental data than all the other criteria. 

The simulations using the new cavitation criterion show significant improvement in 
prediction of cavitation contours especially in the turbulent regime under realistic injection 
conditions. Future studies will focus on performing such studies in realistic geometries of 
interest characteristerized by three dimensional flow features. Winklhofer et al. (Winklhofer, 
2001) experiments, although performed under realistic injection conditions, do not capture 
the 3D effects which are essential to flow development.  

3.2 Effect of nozzle orifice geometry on inner nozzle flow development 

This section will focus on capturing the influence of nozzle orifice geometry on in-nozzle flow 
development such as cavitation and turbulence in addition to flow variables such as velocity, 
discharge coefficient etc. The base nozzle orifice geometry which is cylindrical and non-
hydroground will be presented first. The single orifice simulated for the full-production, mini-
sac nozzle used in the present study is shown in Figure 3. The nozzle has six cylindrical holes 
with diameter of 169 μm at an included angle of 126°. The discharge coefficient (Cd), velocity 
coefficient (Cv) and area contraction coefficient (Ca), used to characterize the nozzle flow, are 
described below. The discharge coefficient (Cd) is calculated from: 
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where actualM


is the mass flow rate measured by the rate of injection (ROI) meter (Bosch, 
1966), or calculated from FLUENT simulations, thA is the nozzle exit area, and thM


is the 

theoretical mass flow rate. The three coefficients are related as (Naber , 1996): 
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Here the area contraction coefficient is defined as: 
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where effectiveA  represents the area occupied by the liquid fuel. Ca is an important parameter 

to characterize cavitation, as it is directly influenced by the amount of vapor present at the 
nozzle exit. The Reynolds number is calculated from:  

 Re th th fuel

fuel

V D 


  (21) 

where thD is the nozzle exit diameter.  

 
(a) 

 

 

(b) (c) 

Fig. 3. (a) Injector nozzle geometry along with the computational domain. (b) The 3-D grid 
generated, specifically zooming in on the sac and orifice regions. (c) Zoomed 2-D view of the 
orifice and sac regions. 
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The influence of nozzle orifice geometry is characterized by comparing the in-nozzle flow 
characteristics of the base nozzle against a hydroground nozzle. The hydroground nozzle 
has the same nominal dimensions as the base nozzle except the hydrogrounding resulting in 
a small inlet radius of curvature. The essential features of the nozzle orifices simulated are 
shown in Table 1. 

Geometrical Characteristics Base Nozzle Hydroground Nozzle 
Din (µm) 169 169 
Dout (µm) 169 169 

Kfactor 0 0 
r/R 0 0.014 
L/D 4.2 4.2 

Table 1. Geometrical Characteristics of nozzle orifice simulated. 

Figure 4 presents vapor fraction contours for the base and hydroground nozzles at 
Pin=1300bar, Pb=30bar, and full needle open position. Simulations were performed for diesel 
fuel (properties shown in Table 2). The 3D view of the cavitation contours shows that vapor 
generation only occurs at the orifice inlet for both the orifices. For the base nozzle these 
cavitation contours are advected by the flow to reach the orifice exit. Consequently, the 
computed area coefficient (Ca) was found to be 0.96 for this case. A smoother orifice inlet 
(i.e., r/R=0.014) clearly leads to a decrease in cavitation. The small amount of vapor 
generated is restricted to the nozzle inlet. Thus chamfering/rounding the orifice inlet 
geometry can inhibit cavitation by allowing a smoother entry to the orifice, and also 
improve the nozzle flow efficiency (Cd) as discussed below. This is due to the fact that flow 
uniformity in the orifice entrance region is significantly enhanced for the hydroground 
nozzle hence, cavitation is almost completely inhibited. This observation is consistent with 
those reported by other researchers. A 2D cut-plane was constructed passing though the 
mid-plane. This view also highlights the fact that the hydroground nozzle cavitates 
significantly less compared to the base nozzle.  
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Fig. 4. 3D and mid-plane views of vapor fraction contours for the base and hydroground 
nozzles. Simulations were performed at Pin=1300bar, Pb=30bar, and full needle open position. 
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Figure 5 presents the velocity vectors plotted at the orifice inlet of the mid-plane for the base 
and hydroground nozzles presented in the context of previous figure. The zoomed view 
clearly shows that the velocity vectors point away from the wall for the base nozzle, while 
they are aligned with the flow for the hydroground nozzle thus ensuring a smooth entry 
into the orifice which decreases cavitation. As mentioned earlier, difference in cavitation 
characteristics plays a central role in spray breakup processes. Hence, spray behavior of a 
hydroground nozzle is expected to be different from that of the base nozzle. 

K=0, r/R=0 K=0, r/R=0.014

 
Fig. 5. Velocity vectors shown at the orifice inlet of the mid-plane for base and cylindrical 
nozzles presented in the context of Fig. 4. 
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Fig. 6. Contours of vd
dx


for the two injector orifices described in the context of Fig. 4. 

Figure 6 presents the contours of vd
dx


where v is the fuel vapor fraction and ‘x’ is the 

coordinate axis along the orifice. Hence the parameter vd
dx


represents the production or 

consumption of fuel vapor inside the orifice. Positive represents production while negative 
values indicate consumption of fuel vapor. A value of 0 represents no change in the fuel 
vapor fraction with axial position. A zoomed 3D view of the sac and upper orifice region is 

shown. For both the nozzles, the sac region is composed of pure liquid hence 0vd
dx


 . Since 

the vapor generation takes place at the upper side of orifice inlet it is not surprising that 

vd
dx


is positive. The vapor fraction contours for the base nozzle showed pure vapor 

existence throughout the upper part of orifice (cf. Fig. 4). However, vd
dx


 only predicts 
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pockets of vapor formation indicating that the remaining vapor is due to advection from the 
orifice inlet. In the case of conical (not shown here) and hydroground nozzles, vapor is 
generated at the orifice inlet however it is completely consumed soon after; hence the exit of 
the orifice is composed of pure liquid fuel only. 

300

350

400

450

500

0.0

0.2

0.4

0.6

0.8

1.0

750 950 1150 1350 1550

In
je

c
ti

o
n

 V
e

lo
c
it

y
 (

m
/s

)

D
is

c
h

a
rg

e
 C

o
e

ff
ic

ie
n

t 
(C

d
)

Pressure drop across orifice (bar)

K=0, r/R=0

K=0, r/R=0.014

 

0.98

1.00

1.03

0

1500

3000

4500

6000

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

A
re

a 
C

o
ef

fi
ci

en
t 

(C
a
)

T
K

E
 (

m
2 /

s
2 )

Time (ms)

K=0, r/R=0
K=0, r/R=0.014

 
(a) (b) 

Fig. 7. (a) Discharge coefficient and injection velocity plotted versus pressure drop across the 
orifice, (b) Turbulence parameters such as TKE and TDR as a function of time for the base 
and hydrogroud nozzles shown in Figure 4. 

Figure 7a presents Cd and injection velocity at nozzle exit for different pressure drops across 
the orifice. The back pressure was always fixed at 30bar, hence, the change in injection 
pressure resulted in change in pressure drop across the orifice. The methodology for 
calculating these parameters was discussed earlier. With increase in injection pressure, 
injection velocity at the orifice exit is seen to increase, which is expected. It should be noted 
that the injection velocity reported is an average value across the orifice. As expected, the 
average injection velocity and discharge coefficient is lower for the base nozzle owing to the 
presence of cavitation at the orifice exit. The influence of nozzle geometry on turbulence 
levels at the nozzle orifice exit is investigated in Fig. 7b since these parameters are directly 
input in spray simulations as rate profiles for cavitation, turbulence, and fuel mass injected. 
The different needle lift positions simulated are also shown. The peak needle lift of this 
injector was 0.275 mm which corresponds to full needle open position. Other needle 
positions simulated are: 0.05mm, 0.1mm, 0.15mm, and 0.2mm open respectively. A general 
trend observed is that the turbulent kinetic energy (TKE) increased with needle lift position 
which is expected since the injection pressure also increased resulting in higher Reynolds 
numbers. TKE and turbulent dissipation rate (TDR) were seen to be higher for the base 
nozzle case at all needle lift positions. Turbulence is known to play a key role in spray 
breakup processes; hence, accounting for such differences in turbulence levels between 
orifices is expected to improve spray predictions. The reason for similar turbulence levels at 
lower needle lifts is due to the fact that at low needle lift positions, the area between the 
needle and orifice governs the fluid dynamics inside the nozzle. However, at full needle lift 
position during the quasi-steady injection period, the orifice plays a critical role in the flow 
development inside the nozzle. Area coefficient was unity for the hydroground nozzle 
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which is expected since this orifice inhibits cavitation inception completely. These rate 
profiles are input for the spray simulations (Som, 2009a, 2010b, 2011). 

3.3 Influence of fuel properties on nozzle flow 

This section presents the influence of fuel properties on nozzle flow development. As 
mentioned earlier, the nozzle flow characteristics of biodiesel is compared against that of 
diesel fuel since biodiesel is a lucrative blending agent. Table 2 presents the physical 
properties of diesel and biodiesel (soy-methyl ester) fuels. There are small differences in 
density and surface tension between these fuels. However, major differences are observed in 
viscosity and vapor pressure values. These differences are expected to influence the nozzle 
flow and spray development.  

Fuel Property Diesel Biodiesel 
Carbon Content [wt %] 87 76.74 

Hydrogen Content [wt %] 13 12.01 
Oxygen Content [wt %] 0 11.25 
Density @ 15ºC (kg/m3) 822.7 877.2 

Dynamic Viscosity @ 40ºC (cP) 1.69 5.626 
Surface Tension @ 25ºC (N/m) 0.0020 0.00296 

Vapor Pressure @ 25ºC (Pa) 1000 1 

Table 2. Comparison of physical properties of diesel and biodiesel (soy-methyl ester) fuels  

Figure 8 presents the vapor fraction contours for diesel and biodiesel for Pinj=1300 bar and 
Pback=30 bar. The 3-D view of the cavitation contours indicates that vapor generation occurs at 
the orifice inlet for both the fuels. For diesel, these cavitation contours, generated at the upper 
side of the orifice, reach the orifice exit. In contrast, for biodiesel, the cavitation contours only 
extend a few microns into the orifice and do not reach the injector exit. Since cavitation plays a 
significant role in primary breakup, the atomization and spray behavior of these fuels is 
expected to be different. The mid-plane view also indicates that the amount of cavitation is 
significantly reduced for biodiesel compared to diesel. This is mainly due to two reasons:  

1. The vapor pressure of biodiesel is lower than diesel fuel. Cavitation occurs when the 
local pressure is lower than the vapor pressure of the fuel. Hence, reduction in vapor 
formation can be expected for fuels with lower vapor pressures. Although injection 
pressures are very high, the differences in vapor pressure values are also important for 
cavitation inception. 

2. The viscosity of biodiesel is higher compared to diesel fuel (cf. Table 2). This increased 
viscosity results in lower velocities inside the sac and orifice, which in turn decreases 
the velocity gradients. This also results in lowering of cavitation patterns for biodiesel. 

Figure 9 presents contours of the magnitude of velocity at the mid-plane and orifice exit 
plane for diesel and biodiesel fuels for the case presented in Fig. 8. The flow entering the 
orifice encounters a sharp bend (i.e., large velocity and pressure gradients) at the upper side 
of the orifice inlet, causing cavitation in this region, as indicated by the vapor fraction 
contours. Upstream of the orifice, the velocity distribution appears to be similar for the two 
fuels. However, at the orifice exit, the contours indicate regions of higher velocity for diesel 
compared to biodiesel. This is related to the fact that the viscosity (cf. Table 2) of biodiesel is 
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higher than that of diesel fuel. The velocity contours at the orifice exit indicate fairly 
symmetrical distribution with respect to the y-axis for both fuels.  

 

Biodiesel

 
Fig. 8. Vapor fraction contours for diesel and biodiesel inside the injector and at the mid-
plane. The simulations were performed at full needle open position with Pinj = 1300 bar and 
Pback = 30 bar. 

Mid-plane

Y

XZ
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Y

XZ  
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Fig. 9. Velocity contours for diesel and biodiesel at the mid-plane and orifice exit. The 
simulations were performed at full needle open position with Pinj = 1300 bar and Pback = 30 bar. 

Figure 10 presents the computed fuel injection velocity, mass flow rate, Cd, and normalized 
TKE at the nozzle exit for different injection pressures. All these parameters are obtained by 
computing the 3-D flow inside the injector and then averaging the properties at the orifice 
exit. As expected, with increased injection pressure, the injection velocity and mass flow rate 
at the orifice exit increase (cf. Fig. 10a). However, the injection velocity, mass flow rate, and 
discharge coefficient are lower for biodiesel compared to diesel fuel. This difference in 
injection velocity and hence in mass flow rate can be attributed to the significantly higher 
viscosity of biodiesel. The lower mass flow rate for biodiesel implies that, for a fixed 
injection duration, a lesser amount of biodiesel will be injected into the combustion chamber 
compared to diesel. Combined with the lower heating value of biodiesel, this would lead to 
lower engine output with biodiesel compared to diesel fuel. As indicated in Fig. 10b, the 
average TKE at the nozzle exit is also lower for biodiesel. This is due to the fact that the 
Reynolds number is lower for biodiesel due to its higher effective viscosity. This has 
implications for the atomization and spray characteristics of the two fuels, since the 
turbulence level at the orifice exit influences the primary breakup.  

Biodiesel Diesel 
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(a) (b) 

Fig. 10. Computed flow properties at the nozzle exit versus pressure drop in the injector for 
diesel and biodiesel fuels: (a) mass flow rate and injection velocity; (b) discharge coefficient 
and normalized TKE. 

4. Conclusion 

The flow inside the nozzle is critical in spray, combustion, and emission processes for an 
internal combustion engine. Inner nozzle flows are multi-scale and multi-phase in nature, 
hence, challenging to capture both in experiments and simulations. Cavitation and 
turbulence generated inside the nozzle is known to influence the primary breakup of the 
fuel, especially in the near nozzle region. The authors capture the in-nozzle flow 
development using the two-phase flow model in FLUENT software. The influence of 
definition of cavitation inception is first analyzed by implementing an improved criterion 
for cavitation inception under turbulent conditions. While noticeable differences between 
the standard and advanced criteria for cavitation inception are observed under two-
dimensional flow conditions, thorough development and validation is necessary before 
implementing in real injection flow simulations.  

Since the injector nozzle is a critical component of modern internal combustion engines, the 
influence of orifice geometry and fuel properties on in-nozzle flow development were also 
characterized. Both cavitation and turbulence was reduced using a hydroground nozzle 
compared to a base production nozzle. This will result in significant differences in spray, 
combustion, and emission behaviour also for these nozzles. Biodiesel being a lucrative 
blending agent for compression ignition engine applications was then compared to diesel 
fuel for inner nozzle flow development. Cavitation and turbulence generated inside the 
nozzle was observed to be lower for biodiesel compared to diesel fuel. Additionally, 
boundary conditions in terms of cavitation, turbulence, and flow variables were obtained for 
spray combustion simulations as a function of time for the detailed nozzle flow simulations.  
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1. Introduction 

The use of alternative biofuels in the co-generation of electricity and heat, as well as in the 
transportation sector, presents major benefits, such as the conservation of the environment 
due to their renewable origin, the reduction of fossil fuels use or the conservation of 
agricultural activity in regions where the food production is being reduced. 

The more important biofuels currently under investigation are the bio-alchohols and their 
derived ethers, and the vegetable oils and their derived esters. Methyl esters of rapeseed oils or 
soybean oils have been tested in Diesel engines, and in spite of the strong dispersion of the 
published results, there are indications that their use is a promising solution to the problems 
originated with the raw vegetable oil due to their higher viscosity, boiling temperature, final 
temperature of distillation and point of obstruction of cold filter (Tinaut, 2005). 

The present work presents a numerical study on evaporating biofuel droplets injected 
through a turbulent cross-stream. This study uses an Eulerian/Lagragian approach to 
account for turbulent transport, dispersion, evaporation and coupling between both 
processes in practical spray injection systems, which usually include air flows in the 
combustion chamber like swirl, tumble and squish in I.C. engines or crossflow in boilers and 
gas turbines. An array of evaporating biofuel droplets through a crossflow is studied, and a 
comparison of the droplet fuel dispersion and evaporation with conventional fuels is 
performed. A summary of the main general characteristics properties of the conventional 
fuels and biofuels tested in the present investigation is presented in Table 1. 

The evaporation of droplets in a spray involves simultaneous heat and mass transfer processes in 
which the heat for evaporation is transferred to the drop surface by conduction and convection 
from the surrounding hot gas, and vapour is transferred by convection and diffusion back into 
the gas stream. The overall rate of evaporation depends on the pressure, temperature, and 
transport properties of the gas; the temperature, volatility and diameter of the drops in the spray; 
and the velocity of the drops relative to that of the surrounding gas (Faeth, 1983, 1989, 1986). 

Godsave (1953) and Spalding (1953) gave the basic droplet vaporization/combustion model 
for an isolated single-component droplet in a stagnant environment. Since then this model 
has been studied extensively both experimentally and theoretically. These studies have been 
reviewed extensively by several authors during the past decades (e.g. Williams, 1973; Faeth, 
1977; Lefebvre 1989; Law, 1982; and Sirignano, 1978), and are mostly dedicated to study the 
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dynamics of a single droplet. Abramzon and Sirignano (1989) and Berlemont et al. (1995) 
presented droplet vaporization models for the case of a spray in stagnant surroundings, and 
showed that the convective effects were most relevant. The same type of configuration was 
studied by Chen and Pereira (1992), and the predictions were found to follow satisfactorily 
the measurements presented. More recently, Sommerfeld (1998) presented a study on 
stationary turbulent sprays, using a droplet evaporation model based on the model 
proposed by Abramzon and Sirignano (1989), and revealed a general good agreement with 
experiments. 

 n-Heptane 

Rapeseed 
Methyl Ester 

(RME) 

Diesel Fuel 
(DF-2) Ethanol 

Molecular mass, MF 100.16 300 198 46 
Fuel density at 
288.6ºK, F288.6K 

687.8 Kg/m3 880 Kg/m3 846 Kg/m3 790 Kg/m3 

Boiling temperature 
at atmospheric 
pressure, Tbn 

371.4ºK 613ºK 536.4ºK 351ºK 

Latent heat of 
vaporization at 
atmospheric 
pressure, LTbn 

371,8KJ/Kg 254KJ/Kg 254KJ/Kg 904KJ/Kg 

Table 1. Characteristic properties of biofuels compared with n-Heptane and Diesel Fuel. 

If special attention is dedicated to the biofuels injection and evaporation, then practically no 
numerical or experimental studies can be found. Recently Bai et al. (2002) presented a most 
relevant numerical study of a spray in wind tunnel using the Arcoumanis et al. (1997) 
experiments, but concentrated on the development of the spray impingement model and the 
fuel used was gasoline.  

2. Mathematical model 

This section describes the mathematical model for turbulent particle dispersion and 
vaporization assuming that the particles are sufficiently dispersed so that particle-particle 
interaction is negligible. 

The particle phase is described using a Lagrangian approach while an Eulerian frame is 
used to describe the effects of both interphase slip and turbulence on particle motion using 
random-sampling techniques (Monte Carlo). It is also assumed that the mean flow is steady 
and the material properties of the phases are constant. 

When vaporizing droplets are involved in the simulations, two-way coupling must be 
accounted for since the phase change modifies the characteristics of the fluid phase. The 
vapour produced by the droplets is a mass source for the fluid; moreover the vaporization 
process generates modifications in the momentum and energy balances between both 
phases. Fluid phase equations then contain many extra-source terms. It is assumed that the 
vapour production does not significantly modify the fluid phase density. 
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The method to solve the continuous phase is based on the solution of the conservation 
equations for momentum and mass. Turbulence is modelled with the “k-” turbulence 
model of Launder and Spalding (1974), which is widely and thoroughly tested, and was 
found to predict reasonably well the mean flow (Barata, 1998). In order to reduce the 
numerical errors to an acceptable level, the higher-order QUICK scheme of Leonard (1979) is 
used to evaluate the convection terms. A similar method has been used for three-
dimensional (Barata, 1998) or axisymmetric flows (Shuen et al., 1985; Lilley, 1976; Lockwood 
& Naguib, 1975) and only the main features are summarized here. 

The governing equations (continuity, momentum, turbulent kinetic energy, dissipation, 
enthalpy, and vapour mass fraction) constitute a set of coupled partial differential equations 
that can be reduced to a single convective-diffusive conservation equation of the form 

 
 i

i i i

U
S

X X X 
     

      
 (1) 

where   is the effective diffusion coefficient for quantity  . The term on the left-hand side 
is the convection term, whilst the first and the second terms on the right-hand side are the 
diffusion term and the source term, respectively. 

The source term S  as divided into two parts, which yields the following expression: 

 g pS S S     (2) 

where gS , specifies the source term of the gas and pS , specifies the source term of the 
particle.  
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Table 2. Terms in the general form of the differential equation. 
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The source terms of the gas phase, gS  and the effective diffusion coefficient  , are 
summarized in table 2 for different depended variables. G is the usual turbulence energy 
production term defined as: 

 ji i
t

j i j

UU U
G

X X X

  
  
    

 (3) 

and 

 
2

t
k

C 


  (4) 

The turbulence model constants that are used are those indicated by Launder and Spalding 
(1974) that have given good results for a large number of flows, and are summarized in the 
next table. 

C  1C  2C  k    3C  Prt  tSc  Pr  Sc  

0.09 1.44 1.92 1.0 1.3 1.1 0.6 0.85 /P gC k  / D   

Table 3. Turbulence model constants. 

Vaporization phenomena are described in the present study assuming spherical symmetry 
for heat and mass transfers between the droplet and the surrounding fluid, and convection 
effects are taken into account by introducing empirical correlation laws. 

The main assumptions of the models are: spherical symmetry; quasi-steady gas film around 
the droplet; uniform physical properties of the surrounding fluid; uniform pressure around 
the droplet; and liquid/vapor thermal equilibrium on the droplet surface. 

The effect of the convective transport caused by the droplet motion relative to the gas was a 
accounted for by the so called “film theory”, which results in modified correlations for the 
Nusselt and Sherwood numbers. For rapid evaporation (i.e boiling effects) additional 
corrections were applied. The infinite droplet conductivity model was used to describe the 
liquid side heat transfer taking into account droplet heat-up. Hence, the following  
differential equations for the temporal changes of droplet size and temperature have to be 
solved. 

 2
2p

F p

dD m
dt D

 


 (5) 

 3
6

F

p L

F P p

dT Q
dt C D

  (6) 

Under the assumption of steady state conditions in the gas film and assuming a spherical 
control surface around the droplet, the total mass flow through this surface will be equal to 
the evaporation rate m : 
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  * ln 1g g p Mm D D Sh B    (7) 

and 

  * ln 1vap
p T

pvap

K
m D Nu B

C
   (8) 

the quantity g gD  can be replaced with vap pvapK C , assuming a Lewis number of unity. 

The heat penetrating into the droplet can be expressed by: 

 
 

 vap s
L s

M

C T T
Q m L T

B
 

  
 
 
  (9) 

The mass transfer number MB as defined as  

 
1
Fs F

M
Fs

Y Y
B

Y





 (10) 

where FsY  is the fuel mass fraction on the droplet surface and defined as: 

 
1

1 1 A
Fs

Fs F

P M
Y

P M


  

    
   

 (11) 

For any given value of surface temperature, the vapor pressure is readily estimated from the 
Clausius-Claperyon equation as 

 exp
43Fs

s

b
P a

T

 
  

 
 (12) 

where a and b are constants of the fuel. 

The latent heat of vaporization is given by Watson (1931) as 

  
0.38

cr s
s tbn

cr bn

T T
L T L

T T


 

  
 

 (13) 

Equations 7 and 8 for m  are similar to the expressions for the droplet vaporization rate 
predicted by the classical model, with the values of the non-dimensional parameters 0Nu  
and 0Sh  in the classical formulas substituted by *Nu  and *Sh respectively. Where are 
expressed as 

  0* 2 2 / MSh Sh F    (14) 

  0* 2 2 / TNu Nu F    (15) 
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The parameters *Nu  and *Sh  are the “modified” Nusselt and Sherwood numbers, and 
tend to 0Nu  and  0Sh , respectively, as TF  and MF  tend to the unity.  

In the case of an isothermal surface and constant physical properties of the fluid, the 
problem has a self-similar solution and the correction factors MF  and TF  do not depend on 
the local Reynolds number. It was found that the values MF  and TF  are practically 
insensitive to the Schmidt and Prandtl numbers and the wedge angle variations, and can be 
approximated as 

    ,M M T TF F B F F B    (16) 

where  F B  is given by 

      0.7 ln 1
1

B
F B B

B


   (17) 

0Nu  and 0Sh  are evaluated by the Frossling correlations: 

 
11

32
0 2 0.552Re PrNu    (18) 

 
11

32
0 2 0.552ReSh Sc   (19) 

The evaporation rate m with convection is: 

  
11

320.552Re
ln 1 2g g p M

M

Sc
m D D B

F
 

 
   
 
 

  (20) 

and 

  
11

320.552Re Pr
ln 1 2vap

p T
Tpvap

K
m D B

FC


 
   
 
 

  (21) 

The Schmidt number and the Prandtl number are equal assuming a Lewis number of unity. 
Equation  20 has the advantage that it applies under all conditions, including the transient 
state of droplet heat-up, whereas Eq. (31) can only be used for steady-state evaporation.  

Finally the evaporation rate m is: 

  
11

320.276Re Pr2 ln 1 1
Kvap

m D Bp M FC Mpvap


 
 
 
 
 

    (22) 

And the equations for the temporal changes of droplet size and temperature are: 
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   11
34 ln 1 20.276Re Pr
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 (23) 
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 (24) 

Of the air/vapor mixture in the boundary layer near the droplet surface according to 
Hubbard et al. (1973), the best results are obtained using the one-third role (Sparrow & 
Gregg, 1958), where average properties are evaluated at the following reference temperature 
and composition: 
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For example, the reference specific heat at constant pressure is obtained as 

    rpFrrpArp TatCYTatCYC
FArvap

  (27) 

The dispersed phase was treated using the Lagrangian reference frame. Particle trajectories 
were obtained by solving the particle momentum equation through the Eulerian fluid velocity 
field, for a sufficiently high number of trajectories to provide a representative statistics. 

The equations used to calculate the position and velocity of each particle were obtained 
considering the usual simplification for dilute particle-laden flows (Shuen et al., 1985). Static 
pressure gradients are small, particles can be assumed spherical and particle collisions can 
be neglected. Since 200fp  , the effects of Basset, virtual mass, Magnus, Saffman and 
buoyancy forces are negligible (Arcoumanis et al., 1997; Lockwood & Naguib, 1975). In 
dilute flows of engineering interest, the steady-state drag term is the most important force 
acting on the particle. Under these conditions the simplified particle momentum equation is: 

  ;
; ;

1p i
f i p i i

p

u
u u g

t 


  


 (28) 

The mathematical expression for the relaxation time, p, is 
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where Rep is the particle Reynolds number, 
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Note that the physical properties of f  and f  should be evaluated at the reference 
temperature rT  and are 

    f Ar A r Fr F rY at T Y at T     (31) 
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 (32) 

and CD is the drag coefficient (Shirolkar et al., 1996), 

  0.68724
1 0.15Re

ReD p
p

C
 
  
 
 

 (33) 

for Rep<103. 

The particle momentum equation can be analytically solved over small time steps, t , and 
the particle trajectory is given by 

   / /
; ; ; ; 1p pt tNEW OLD

p i f i p i f i i pu u u u e g e         
 (34) 

  ; ; ; ;2
NEW OLD NEW OLD
p i p i p i p i

t
x x u u


      (35) 

The critical issues are to determine the instantaneous fluid velocity and the evaluation of the 
time, t, of interaction of a particle with a particular eddy. 

The time step is obviously the eddy-particle interaction time, which is the minimum of the 
eddy lifetime, FL , and the eddy transit time, tc. The eddy lifetime is estimated assuming 
that the characteristic size of an eddy is the dissipation length scale in isotropic flow: 
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   (37) 

where A and B are two dependent constants (Shirolkar et al., 1996).  

The transit time, tc, is the minimum time a particle would take to cross an eddy with 
characteristic dimension, le, and is given by 

 e
c

d

l
t

v
   (38) 

where dv


is the relative velocity between the particle and the fluid (drift velocity). 

A different expression for the transit time is also recommended in the literature (Shitolkar et 
al., 1996; Shuen et al., 1983; Gosman & Ioannides, 1981), and was used in the present work: 
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where the drift velocity is also estimated at the beginning of a new iteration. 

This equation has no solution when ; ;e p f i p il u u  , that is, when the linearized stopping 
distance of the particle is smaller than the eddy size. In such a case, the particle can be 
assumed to be trapped by the eddy, and the interaction time will be the eddy lifetime. 

The instantaneous velocity at the start of a particle-eddy interaction is obtained by random 
sampling from an isotropic Gaussian pdf having standard deviations of 2 / 3k and zero 

mean values. 

The above isotropic model was extended in the present work to account for cross-
correlation's and anisotropy. To obtain the fluctuating velocities u'f and v'f, two fluctuating 
velocities u'1 and u'2 are sampled independently, and then are correlated using the 
correlation coefficient Ruv: 

 1' 'fu u  (40) 

 2
1 2' ' 1 'f uv uvv R u R u    (41) 

where 
2 2

' '

' '

f f
uv

f f

u v
R

u v
  was obtained from the measurements. 

The interaction between the continuous and dispersed phase is introduced by treating 
particles as sources of mass, momentum and energy to the gaseous phase. The source terms 
due to the particles are calculated for each Eulerian cell of the continuous phase and are 
summarized in Table 4, and can be divided into two parts, which yields the following 
expression: 

 p i mS S S     (42) 

where iS specifies the source term due to inter-phase transport and mS  takes into 
consideration the transfer caused by evaporation.  

To represent the temporal changes of droplet size and temperature Chen and Pereira (1992)  
used the following equations. 
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In the last equation is assumed that the prevailing mode of heat transfer is forced 
convection, no evaporation occurs during the preheating period and the temperature is 
uniform across the droplet radius. For the forced convection the Ranz and Marshall (1952) 
correlation has taken the place of the Nusselt Number. 

The solution of the governing equations was obtained using a finite-difference method that 
used discretized algebraic equations deduced from the exact differential equations that they 
represent. In order to reduce the numerical diffusion errors to an acceptable level, the 
quadratic upstream-weighted interpolation scheme was used (Leonard, 1979). Nevertheless, 
the usual grid independence tests were performed. 
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Table 4. Dispersed phase source terms. 

The computational domain (see Fig. 1) has six boundaries where dependent values are 
specified: an inlet plane and outlet planes, a symmetry plane, and three solid walls at the 
top, bottom and side of the channel. At the inlet boundary, uniform profiles of all dependent 
variables are set, while at the outflow boundaries, the gradients of dependent variables in 
the perpendicular direction are set to zero. On the symmetry plane, the normal velocity 
vanishes, and the normal derivates of the other variables are zero. At the solid surfaces, the 
wall function method described in detail by Launder and Spalding (1974) is used to 
prescribe the boundary conditions for the velocity and turbulence quantities, assuming that 
the turbulence is in state of local equilibrium. 

The cross section of the computational domain is 0.05 x 0.05 m, whilst the channel length is 
0.273 m. The droplets injection is perpendicular to the crossflow and the location of the 
injection point is 0.023 m far from the inlet plane (Zin/H = 0.46). 
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The monosize array of droplets of 230m of diameter is injected with an initial velocity Vp=-
1m/s and a temperature of 293K or 443K through a crossflow with Wc=10m/s. The wall 
temperatures are 800K. 

 
Fig. 1. Flow configuration 

3. Results 

To assess the computational method two sources of experimental data were used for the 
case of a polydisperse spray with a co-axial flow at atmospheric pressure (Heitor & Moreira, 
1994) or elevated pressures (Barros, 1997). The method yielded reasonable results and 
revealed capabilities to improve the knowledge of the particle dispersion phenomena in 
more complex configurations. An example of the results obtained is shown in Figure 2, and 
a more complete analysis can be found in previous publications (Barata et al., 1999; Barata & 
Silva, 2000). The method was then extended to the case of an evaporating spray in a 
crossflow, and the evaporation models used by Chen and Pereira (1992) and Sommerfeld 
(1998) were tested and compared with the present model (see Barata, 2005 for details). 

Figure 3 presents a parallel projection of the droplet trajectories in the vertical plane of 
symmetry (X=0)  for two volatile fuels: n-Heptane and Ethanol. The former is used to define 
the zero limit of the anti-knock (resistance to pre-ignition) quality of fuels, while the other 
can be used to increase the octane number of gasoline. The higher volatility level of Ethanol 
can be inferred from  Fig.3b) by the more uniform distribution at the right side of the 
domain and the trajectories in the direction of the top wall (at Y=0.05m). Due to the high 
volatility level of both fuels the droplets are injected and start almost immediately to 
evaporate, which gives rise to smaller droplets that follow quite closely the gaseous flow. 
Further downstream of the injection point, the trajectories of the droplets of Ethanol are 
more directed downwards than those of n-Heptane due to the higher fuel density and 
higher latent heat of vaporization. As a consequence, although a colder region near the 
injector is observed with Ethanol, the domain shows in general a much more uniform 
temperature distribution. 
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Fig. 2. Radial profiles of the mean axial velocity, U, at X/D=0.2 (a), and 6.5 (b). Experiments 
(Heitor & Moreira, 1994):  ● , 30-35m; ■ , 40-45m;  , 60-65m; , gaseous phase. 
Predictions:  , particles; ______  , gaseous phase. 
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Fig. 3. Parallel projection of droplet trajectories in the vertical plane of symmetry (X=0) for 
Wcross=10m/s, Vp=-1m/s and Tp=293K: (a) n-Heptane; (b) Ethanol. 
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Figure 4 shows the droplet temperature and diameter variation time for the different fuels 
and test conditions used in the present work that are summarized in Table 5. The horizontal 
part of the line of the temperature variation with time (Fig.4a) reveals the equilibrium of the 
evaporation process that corresponds to the horizontal part of the droplet diameter variation 
with time. It should be pointed out that since the droplet is moving in the direction of the Z 
coordinate (with the crossflow), the ambient temperature may not be constant, and the 
evolution of the droplet diameter with time is also influenced by its velocity.  
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Fig. 4. Droplet temperature (a) and diameter (b) variation with time (Wcross=10m/s and Vp=-
1m/s and Tp=293K). 

The Rapeseed Methyl Ester (RME) and the Diesel Fuel (DF-2) have a higher boiling 
temperature and do not attain the equilibrium temperature in the first 50miliseconds 
(Fig.5a). As a consequence of the “pre-heating period” (about 20miliseconds in Fig.4b) the 
droplets diameters remain approximately constant and the evaporation starts later (Fig.4b). 

Figure 5 shows parallel projections of the droplet trajectories in the vertical plane of 
symmetry, and confirms the main evaporation characteristics of the DF-2 and RME 
described in the previous paragraph. The pattern is similar for DF-2 and RME, although in 
the latter case there is a higher concentration of droplets in the core of the deflected 
monosize spray. This result is consistent with the slightly poorer evaporation characteristics 
of the RME deducted from Fig.5, and taking into account the average time that a droplet 
takes to reach the right hand side of the domain (at Z=0.3m) it is expected that its diameter 
would be (in average) at the exit of the channel about 92.2% of the initial diameter. So, in 
general the diameters of the droplets will be larger with DF-2 and RME, and the dispersion 
will be more difficult, because the slip between the gaseous phase and the dispersed phase 
will be more pronounced. Some collisions with the bottom wall are observed, but were not 
taken into account in the present study, although this phenomena has been investigated and 
reported elsewhere (see Barata & Silva, 2005). 

Increasing the injection temperature of RME improves the evaporation of the droplets, and a 
more uniform distribution is obtained (Fig.5c). As shown in Fig.4, to obtain the equilibrium 
stage of evaporation near the injection point a pre-heating of 150K is required, which will be 
particularly difficult to implement in most of the practical situations. 
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Fig. 5. Parallel projection of droplet trajectories in the vertical plane of symmetry (X=0) for 
Wcross=10m/s and Vp=-1m/s and Tp=293K.: (a) Diesel fuel (DF-2), Tp=293K; (b) RME, 
Tp=293K, (c) RME, Tp=443K. 
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Fig. 6. Mass fraction distribution for Wcross=10m/s and Vp=-1m/s: (a) Diesel fuel (DF-2), 
Tp=293oK; (b) RME, Tp=293oK, (c) RME, Tp=443oK. 
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Fuel n-Heptane 
Rapeseed 

Methyl ester 
(RME) 

Rapeseed 
Methyl ester 

(RME) 

Diesel fuel 
(DF-2) 

Ethanol 

Droplets 
diameter, d 

230,3m 230,3m 230,3m 230,3m 230,3m 

Crossflow 
velocity, 
Wcrossflow 

10m/s 10m/s 10m/s 10m/s 10m/s 

Crossflow 
temperature, 
Tcrossflow 

800ºK 800ºK 800ºK 800ºK 800ºK 

Temperature 
of the walls, 
Twalls 

800ºK 800ºK 800ºK 800ºK 800ºK 

Droplet 
injection 
velocity, Vp 

-1 m/s -1 m/s -1 m/s -1 m/s -1 m/s 

Droplet 
injection 
temperature, 
Tp 

293ºK 293ºK 443ºK 293ºK 293ºK 

Ambient 
pressure 

1 bar 
101 350Pa 

1 bar 
101 350Pa 

1 bar 
101 350Pa 

1 bar 
101 350Pa 

1 bar 
101 

350Pa 

Mass loading 20x10-4 Kg/s 20x10-4 Kg/s 20x10-4 Kg/s 20x10-4 Kg/s 
20x10-4 
Kg/s 

Table 5. Summary of test conditions. 

The evaporative characteristics of RME can be further analysed with the help of Fig.6 that 
shows a three-dimensional perspective of the mass fraction distribution with and without 
additional pre-heating. The results obtained with DF-2 and RME without additional pre-
heating (Figs.6a and b) show that the mass fraction of fuel is always less than 0.04. For the DF-2 
there is a larger evaporation near the injector, but further downstream the RME gives the 
higher values. When the additional pre-heating of 150K is used with RME, the domain shows 
a large region with a concentration of fuel vapour greater than 0.06, and the resulting pattern is 
quite similar to those obtained with more volatile fuels such as n-Heptane or Ethanol. 

4. Conclusion 

An Eulerian/Lagragian approach has been presented to calculate evaporating sprays 
through a crossflow.  A method developed to study isothermal turbulent two- and three-
dimensional dispersion was extended to the case of an array of evaporating biofuel droplets.  

The droplet diameter, temperature and mass fraction distributions were found to be 
strongly dependent on the fuels used. Rapeseed Methyl Esters exhibit similar evaporating 
characteristics to DF-2, which indicates that it can be successfully used as an alternative fuel 
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in many applications that utilize diffusion flames. The use of RME in homogeneous 
combustion systems may require a prohibitive level of pre-heating, and the use of Ethanol 
(obtained from sugar or starch crops) may be a better alternative. 
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