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Preface 

 

 

The Institute of Liquid Atomization and Spray Systems (ILASS) was established for the 
mutual exchange of scientific and technical information in the field of atomization and 
sprays, and promotion of activities in each of the three regional ILASS bodies - ILASS-Asia, 
ILASS-Americas, and ILASS-Europe.  ILASS-Asia is coming to India for the first time with 
this conference and provides a venue for academic and industrial researchers and students to 
meet and share recent developments in this field. This conference also marks the formal 
beginning of ILASS activities in India, under the auspices of the Combustion Institute (Indian 
Section).  We have around 110 papers being presented at this conference with delegates 
participating from several countries in Asia such as China, Japan, Korea, Taiwan and also 
from USA and Europe, in addition to India. I wish all delegates a very productive and 
enjoyable conference! 
 
R. V. Ravikrishna 
Conference Chair 
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Plenary Lecture 1 





ILASS-Asia 2016, 18th Annual Conference on Liquid Atomization and Spray Systems - Asia, Chennai, India  

 
 

Modeling of Dilute Spray Combustion: Interaction of Evaporation, 
Turbulence and Chemical Reactions 

 

Eva Gutheil 
Interdisciplinary Center for Scientific Computing 

Heidelberg University 
69120 Heidelberg, Germany 

gutheil@iwr.uni-heidelberg.de 
 

Abstract 
The presentation concerns an overview of models for dilute spray combustion with special emphasis on the interac-
tion of the spray evaporation, the turbulent mixing, and the chemical reactions. In particular, transported joint pdf 
(probability density function) models are presented where different gas-phase variables act as dependents of the pdf. 
The solution of the pdf transport equation requires the closure of molecular mixing which is achieved through sto-
chastic difference equations where different mixing models are investigated that are extended to account for spray 
evaporation. The marginal distribution of the transported joint pdf then are used to identify a generalized presumed β 
probability density function to account for spray evaporation. Moreover, models to account for incorporating de-
tailed chemical reactions that are important to predict pollutant emission are addressed. A new spray flamelet equa-
tion is presented that accounts for the spray evaporation in dilute spray flames. Different regimes in the spray flame 
are identified where evaporation may determine the spray flame structure and non-premixed or partially premixed 
regions may exist. Numerical simulations of ethanol/air spray jet flames are presented and compared with experi 
mental data from A. Masri, Sydney, Australia to evaluate the performance of the various models involved. Available 
experimental data comprise droplet size and velocity distributions in both axial and radial directions as well as gas 
temperature. The simulations include profiles of gas-phase species such as formaldehyde and carbon monoxide that 
are major pollutants as well as acetylene that is a precursor of soot formation.
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Quantitative Analysis of Various Empirical Equations for Fuel Sprays 
 

Peng Gu1, Min Xu1*, David L. S. Hung1,2, Shengqi Wu1, Xue Dong1 
1. School of Mechanical Engineering, Shanghai Jiao Tong University, National Engineering La-

boratory for Automotive Electronic Control Technology, Shanghai, China  
2. University of Michigan-Shanghai Jiao Tong University Joint Institute, Shanghai Jiao Tong 

University, Shanghai, China 
 
 

Abstract 
Fuel sprays in direct injection engines have been studied extensively through both experimental and numerical meth-
ods. A large amount of previous work was focused on acquiring the empirical equations for fuel spray structures based 
on experimental results. However, one important limitation of the existing empirical equations is that most of them 
are only applicable to a small range of operating conditions, and they are based on specific assumptions. Furthermore, 
numerical results from certain empirical equations do not agree with each other. In this study, various empirical equa-
tions obtained from existing literatures were quantitatively analyzed and compared based on the experimental results. 
In addition, limitation of each equation was assessed from the comparison of predictions at specific operating points. 
Though the analysis under diesel and gasoline engine operating conditions, useful advice in selecting rational equa-
tions in practice is provided. 
 
Keywords: Fuel spray, empirical equations, quantitative analysis 
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Abstract 
In the application of straight vegetable oil (SVO) produced from the triglycerides based biomass to internal 
combustion (IC) engine, spray characteristics of SVO is the one of important characteristics of engines. Therefore, 
this review will be concentrated on the spray characteristics of SVO obtained from the triglycerides based biomass 
to IC engines, particularly compression ignition (CI) engines. SVO used as diesel substitute can be classified into 
two groups: edible and inedible vegetable oils. Among the edible SVOs, the spray characteristics in IC engines 
fueled with rapeseed oil and sunflower oil were mainly studied. Even though the studies on the application of 
rapeseed SVO are mainly concentrated on diesel engine, sunflower SVO was studied in air-assisted pressure –swirl 
atomizer for micro-gas turbine application and in hollow cone pressure atomizer or twin-fluid atomizer for furnace 
application. The spray characteristics of the inedible SVOs obtained from Jatropha oil and Karanja oil were 
investigated. Of the three spray characteristics; i.e. macroscopic, microscopic and atomization characteristics, spray 
angle and spray penetration included in the macroscopic spray characteristics were mainly investigated. In the 
microscopic characteristics, Sauter mean diameter (SMD) was discussed. The study of SMD variation in CI engines 
fueled with rapeseed SVO is required. Generally, higher values for spray penetration, SMD and lower values for 
spray angle than those of petrodiesel were obtained. The many different definitions of spray angle and spray 
penetration were used in the studies. The validation of the newly proposed correlation for the prediction of spray 
penetration for Karanja SVO is required. The viscosity of Karanja SVO can be reduced to the level of diesel either 
by heating the SVO beyond 120 °C or blending less than 20% of the SVO with diesel. 

 
Keywords: straight vegetable oil (SVO), compression ignition (CI) engine, spray angle, spray penetration, SMD 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
___________________________________________ 

9



ILASS-Asia 2016, 18th Annual Conference on Liquid Atomization and Spray Systems - Asia, Chennai, India  

An approach for including evaporation in a model for predicting spray penetration 
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*
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*
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Department of Mechanical Engineering, 
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Chennai - 600036, India. 

 
Abstract 

 

Fuel sprays have been a key topic of research in the field of IC engines, as it influences the efficiency and emission 

and hence the performance of the engines. But it is fairly tasking to deduce an exhaustively descriptive model of 

spray mechanics, because of the complexity of the physics involved and the number of parameters that affect the 

spray, which includes unsteady in-chamber conditions, phase change in the spray and the internal flow in the injec-

tor. Nevertheless many models with modest assumptions have been proposed, which reasonably capture the physics 

of fuel spray. The approach of fuel being considered as isolated droplets travelling in the spray and subsequent 

evaporation effects have been studied by a few. It has been thought that the effect of evaporation is negligible in 

many cases. In this work, we shall examine the mechanics using a fundamental approach and observe how droplet 

evaporation could affect the temporal evolution of high speed fuel spray in a pressurized chamber. An earlier model 

based on differential control volume analysis for the mass and momentum conservation of fuel and entrained ambi-

ent gas, is extended to account for the evaporation of the droplet.  

 

 

Keywords: evaporative droplet spray, atomization, drop size, penetration length. 
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Characterization of Sprays Discharging from Gas-Centered Swirl Coaxial (GCSC) Atomizer 

Using PDI 
 

Athul Joseph*1, R. Sakthikumar 2, and D. Sivakumar1 
1 Department of Aerospace Engineering, Indian Institute of Science, Bangalore 560012, India 

2 Interdisciplinary Centre for Energy Research, Indian Institute of Science, Bangalore 560012, India 
 
 

Abstract 
This work presents experimental results on the characteristics of sprays discharging from gas-centered swirl coaxial 
(GCSC) atomizer employed in liquid propellant rocket engines operating under a staged combustion cycle. The 
atomizer discharges a central gas (oxidizer) jet surrounded by an annular swirling liquid (fuel) stream. The experi-
ments are conducted in a spray test facility with air and water as experimental fluids. The morphology of spray from 
the atomizer is analyzed by capturing images of spray with the aid of an image acquisition system comprising a 
digital camera and a lighting device. The measurements of spray droplet characteristics are obtained using phase 
Doppler interferometry (PDI). The measurements include mean drop size (arithmetic mean diameter and Sauter 
mean diameter), mean drop velocity, and liquid volume flux. A systematic spatial mapping of spray droplet meas-
urements (11 radial locations � 5 axial locations) is obtained to describe the evolution of spray droplet characteris-
tics both along the radial and axial directions. For a given flow condition, characterized in terms of gas-to-liquid 
momentum flux ratio (J), the smaller sized droplets are concentrated near to the spray axis whereas the bigger drop-
lets to the periphery of spray. Evidences on the role of secondary atomization in GCSC atomizer spray are presented  
 
Keywords: Gas centered swirl coaxial atomizer, drop characteristics, spray measurements, phase Doppler interfer-
ometry 
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Liquid Phase Penetration of n-Hexane Sprays at different Vapour Concentration of the 

Ambient 

 

Manas Kumar Pal*1,2, Shamit Bakshi1,2 
1Internal Combustion Engines Laboratory, Department of Mechanical Engineering, IIT Madras. 

2National Centre for Combustion Research and Development, IIT Madras. 

Chennai 600036, India 

 
Abstract 

Evaporation of liquids is influenced by the temperature, pressure, density and transport properties of the surrounding 

gas. Presence of liquid vapour in the surrounding environment also influences the evaporation processes due to 

change in saturation level in the surrounding medium. As sprays consists of droplets, evaporation of the sprays is 

likely to get influenced by the vapour concentration of liquids in the ambient. In the present work, liquid phase pene-

tration of an evaporating single component fuel (n-hexane) spray is studied at different vapour concentration of the 

ambient in a high pressure –high temperature chamber with optical access. The experiments have revealed that the 

ambient vapour concentration has an effect on the liquid length of an evaporating spray. Liquid length increases 

with increase in mass fraction of vapour in the surrounding gas.  

 

 

 

 

Keywords: Spray, evaporation, liquid length, vapour concentration 
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Spray Characterization and Cold start study of heated fuel using a Multi-hole port fuel 
heated tip injector  

 
S. Chandrasekar1, 2*, T. N. C. Anand1, and A. Ramesh1 

1 Department of Mechanical Engineering and National Centre for Combustion Research and  
Development 

Indian Institute of Technology Madras 
Chennai 600036, India                                                                                                                 

2 Hyundai Motor India Ltd, Chennai, India 
 

Abstract 
Improvement of atomization is one of the effective strategies to improve cold-startability in internal combustion     
engines. One of the methods to improve fuel spray atomization is by heating the fuel. In this work, the effect of heat-
ing commercial gasoline fuel on atomization and cold startability was studied using a four hole port fuel injector. 
Fuel spray characteristics of unheated fuel at 30º C and heated fuel at 60º C were studied using optical methods. The 
fuel was electrically heated using a heater built internally within the injector. Liquid droplet surface area per unit 
volume in a radial plane at various distances from the injector tip was obtained at a frequency of 10 kHz using a 
planner line of sight extinction tomography based six axes optical patternator. The Influence of fuel pressure and 
fuel temperature on penetration length and included angle are also reported using back light high-speed imaging 
technique. Cold start tests were carried out at unheated and heated fuel conditions in a single cylinder, air cooled 200 
cc engine. From the results it has been observed that heated fuel surface area is significantly higher compared to 
unheated fuel at the same injection pressure and at the same injection duration. No significant difference between 
heated and unheated spray penetration length and included angle was observed. With heated fuel injection, the en-
gine started 4 cycles earlier than for the unheated fuel case and the peak unburnt hydrocarbon emission for a 100 
cycles engine run was reduced by 22 %.  
 
Keywords: Optical patternator, Tomography, Heated-tip injector, High-speed imaging 
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Experimental Study of Liquid Jet Breakup in Coaxial Air Blast Atomization 
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Abstract 

Optical connectivity technique is used for measurement of primary breakup length of a water jet in a coaxial air-blast 

atomizer. The application of the non-intrusive technique is based on imaging the fluorescent light from the liquid 

(doped with a dye) in the continuous core of the jet when illuminated with a laser beam. The paper focuses on meas-

urement of both mean and fluctuations of liquid break-up length, and also, the effect of air swirl on jet break-up. The 

experiments were conducted for a wide range of momentum flux ratio. In agreement with some of the previous liter-

ature on jet break-up, the momentum flux ratio was found to be the single parameter describing the break-up length. 

Though, the fluctuations of jet break up were low in comparison to the mean value, it may contribute to downstream 

spray unsteadiness. As a consequence of addition of air swirl, the mean break-up length was found to reduce in com-

parison to the case of no air swirl, while the fluctuations were higher. The proper orthogonal decomposition (POD) 

analysis of the OC images was performed in order to capture the unsteady dynamics of the jet break-up process. The 

2nd POD mode was found to correspond to the jet flapping. The corresponding eigen contribution was higher with 

addition of the air swirl.  

 

Keywords: Optical connectivity, atomization, measurement, breakup length, swirl 
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Abstract 

To understand breakup of conical liquid film with and without coaxial gas flow, a back-lighting photography technique 

has been employed to capture the instantaneous conical liquid film with a high speed camera. The spray cone angle, 

breakup length, fractal dimension are calculated by image processing. The wave length and wave frequency are ex-

tracted from the proper orthogonal decomposition. Breakup of conical liquid film with and without coaxial gas flow 

was analyzed and discussed. The results show that the conical liquid film have five spray patterns and breakup regimes 

with the increase of liquid mass flow rate: onion shape, tulip shape, fully developed wavy cone shape, perforated cone 

shape and turbulent cone shape. The breakup regimes of these sprays include “impact wave” induced (Onion), surface 

wave induced (tulip and fully developed wavy cone), perforation induced (perforated cone) and turbulence induced 

(turbulent cone). The spray cone angle increases with the increase of liquid mass flow rate. While the breakup length 

initially increases and then decreases with the increase of liquid mass flow rate when the Reynolds number is large 

enough. This phenomenon is caused by the competition of the increase of liquid velocity and the promotion of breakup. 

The atomization of conical liquid film is fractal process, and the conical liquid film is self-similarity. The fractal 

dimension increases when the spray pattern varies from Onion shape to fully developed wavy cone shape, and sud-

denly decreases when the spray develops from fully developed wavy cone shape to perforated cone shape. The reason 

is that the perforation significantly increases the degree of fragmentation, and the larger the degree of fragmentation, 

the smaller the fractal dimension. Wave frequency increases when the spray pattern varies from tulip to fully devel-

oped wavy cone, perforated cone and finally turbulent cone with the increase of liquid mass flow rate, while the power 

spectral density decreases with this variation. What’s more, the wave frequency bandwidth increases with the variation 

of the spray pattern. The coaxial gas flow decreases the spray cone angle and breakup length, and change the surface 

instability from Rayleigh-Taylor instability to Kelvin-Helmholtz instability. The frequency of the Rayleigh-Taylor 

instability is about 1400 Hz, and that of the Kelvin-Helmholtz instability is about 2000 Hz. The power spectral density 

of Kelvin-Helmholtz instability is similar with that of Rayleigh-Taylor instability, while the wave frequency band-

width of Kelvin-Helmholtz instability is smaller than that of Rayleigh-Taylor instability. 

 

Keywords: Conical liquid film, breakup, spray pattern, spray cone angle, POD, surface wave 
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Abstract 

The present paper investigates the role of precessing vortex core (PVC) of the swirling air flow field on the wall 

filming and atomization process inside a simplified typical gas turbine fuel injector.  For this, a coaxial counter-swirl 

prefilming airblast injector with necessary optical access is developed, and experiments are conducted using different 

laser diagnostic techniques.  The internal flow field is captured using time-resolved laser induced fluorescence (LIF) 

imaging and droplet size distribution is obtained from phase Doppler interferometer (PDI) measurements.  The air 

PVC induces a precessing motion to the pilot nozzle spray, which in turn causes a periodically non-uniform wall 

filming on the prefilmer surface.  Accordingly, the smaller droplets are sheared off periodically from the film at the 

prefilmer tip, apart from the bigger ligaments produced from an accumulating rim of liquid.  Spectral analysis shows 

that the spray precession frequency matches with the droplet impingement frequency and the shedding frequency of 

the finer droplets, while the ligament shedding occurs at lower frequencies due to the liquid accumulation. However, 

the PVC has little effect on the ligament breakup process and on the final injector spray in case of the present geometry 

and flow conditions.  

 

Keywords: Precessing vortex core, Prefilming airblast atomizer, LIF, PDA 
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Abstract 

The performance of Liquid Rocket Engines (LRE) combustion chamber is characterized by efficient atomization, 

mixing and combustion of propellants. The mixing of propellants is influenced mainly by the injector type and its 

configuration. Coaxial shear type injectors are used in many high thrust cryogenic engines worldwide. They have 

the advantage of uniform distribution of propellants and high throttling ability. Coaxial shear type circular injector 

element has the advantage of simplicity in geometry and construction; however the fineness level of droplets is poor. 

This is due to limited shearing area available for the propellants. This can be enhanced by use of profiled exit section 

in injector element. 

Atomization studies on a coaxial circular injector element and coaxial 4-lobed profiled injector element are car-

ried out. Flow tests are done in the experimental facilities at LPSC, wherein the studies are carried out with gaseous 

nitrogen and water. Tests are conducted for different mass flux ratio and its effects on spray angle, velocity distribu-

tion and droplet distribution are investigated. Flow visualization is done with Malvern particle sizer equipment. The 

cold flow test results indicate that the profiled injector configuration gives shorter breakup length and finer atomiza-

tion compared to the conventional coaxial circular injector configuration. 

 

Keywords: Injector, Profile, Spray, atomization, drop size 
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An Experimental Study of Spray Characterization of Various Air Flow Configurations in a 
Hybrid Atomizer 
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Abstract 
A hybrid atomizer is a modification of an air blast atomizer. Air blast atomizers employ a fuel stream and an outer 
high velocity air stream to produce effective atomization. However in a hybrid nozzle, an internal air stream is also 
incorporated to synergize the effect of the outer air stream. In the current study, an annular fuel sheet is sandwiched 
by two sheets of air in the atomizer. A cylindrical sheet of air from the inside, and an annular air sheet externally. 
Various configurations have been employed to study the resultant spray characteristics using kerosene as the fuel. 
The fuel sheet is fed tangentially to produce a swirling effect and the air sheets are given a swirling motion in either 
directions by using tangential inlets. The inner air sheet can be fed axially as well. These arrangements have been 
combined to produce the different configurations. The resulting spray characteristics such as breakup length, spray 
cone angle and sheet-width are being measured with a variation in the flow rates of air and fuel sheets using all the 
above mentioned configurations. A high speed camera is being used to capture the sprays at a number of frames for 
image processing. 
 
Keywords: Spray, breakup length, cone angle, sheet width  
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Abstract 
Due to their significance in gas turbine engine combustors, cross-stream injection of fuel jets into incoming air flow 
has gained attention since last few decades. Especially, primary breakup of the cross-stream jet is of prime 
importance for optimal engine performance, reduction of combustion instability and emission. While most of the 
literatures on this subject are confined to wind-tunnels, available data for atomizers are limited. The current research 
work focuses on measurement of primary breakup of liquid jets in an airblast atomizer, which allows radial injection 
of a jet of water in to axial flow of air at much higher velocity. The Optical Connectivity (OC) technique is 
employed to visualize and measure instantaneous primary break up length of the liquid jet. The images of the liquid 
jet are captured for side view as well as front view. Experiments were performed for a range of Weber number (We), 
Momentum Flux Ratio (MFR) and liquid Reynolds number (Re). The variation of mean horizontal and vertical 
breakup lengths with respect to We and MFR for the same Re are studied. For large Re the breakup length was 
found to be insensitive to MFR and We. The fluctuations of breakup lengths were quantified and found to be 
significant for high We flows. Experiments were also conducted in presence of swirling air flow, which could 
deflect the jet in the direction of swirl and also twist it such that the jet breakup length was smaller in comparison to 
no swirl case.  
 
Keywords: Breakup length, Swirling air, Optical connectivity, Momentum flux ratio, Weber number 
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Abstract 
Selective Catalytic Reduction using urea as reductant is the aftertreatment technology being adopted by the majority 
of diesel bus and truck manufacturers for meeting NOx emission regulations. This technology is known as urea-SCR 
system. Urea-SCR system works by introducing urea solution into the automobile exhaust to convert the NOx to 
harmless nitrogen and water, over an SCR catalyst. In this study, the evaporation behavior of a single urea solution 
droplet and urea solution spray was investigated. In order to study the evaporation behavior of a single urea solution 
droplet, two methods were used where first, droplet was impinged onto a heated surface, and second, droplet was 
suspended in an electric furnace. In experiment using the heated surface, evaporation behavior of urea solution was 
classified into two patterns when temperature exceeded the maximum evaporation point. These patterns were short 
lifetime evaporation and long lifetime evaporation. In the experiment using the electric furnace where droplet was 
suspended at the end of a quartz fiber, evaporation behaviors were divided into three stages. Urea solution droplet 
showed similar behavior as water only at the first stage, where the square of droplet diameter decreased linearly with 
time, following the d-square law（d2 law). In the second stage, formation of bubbles and foams, and expansion of 
droplet size were observed. The last stage was crystallization stage. The differences between water and urea droplet 
evaporation characteristics were assumed to be caused by the thermal decomposition of the urea. Spray formation of 
urea solution was studied by injecting urea solution into a hot air stream inside a wind duct which acted as a substi-
tute apparatus for the real engine exhaust pipe. When the hot air temperature Ta was 200°C, crystallization of urea 
spray into white substance occurred faster than at Ta = 500°C. 
 
Keywords: Urea-SCR, droplet evaporation, spray behavior, decomposition, crystallization, deposit 
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Abstract
Apart from improving the in-cylinder design technology and favourable engine combustion, the injection of the urea-water solution
(UWS) commercially known as adBlue inside the exhaust port is one of the widely adopted technologies for NOx reduction in diesel
engine to meet environment regulations. With the help of available heat from exhaust gas, the injected UWS is transformed into
gaseous NH3 by evaporation of mixture and thermal decomposition of urea. Subsequently, NH3 reacts with NOx and converts into
harmless compound that can be finally released to the environment. The reaction and conversion efficiency mostly depend upon
the evaporation and subsequent mixing of the NH3 into the exhaust gas, which in turn depends upon the engine loading conditions.
Considering the individual and peculiar thermo-physical properties of water and urea (solid state at room temperature), the model
development for adBlue evaporation is challenging.
In this paper, a bi-component evaporation model is developed and validated by comparison with available experimental data. Two
distinct evaporation stages are observed in both experiments and simulations. The first stage represents the initial evaporation of
water due to its low boiling point, while a second slope accounts for the urea thermolysis. A satisfactory agreement is achieved for a
wide range of operating temperatures of the adBlue droplets. At low exhaust gas temperature, crystallization or solidification of urea
is generally observed due to its higher sublimation temperature. In SCR context urea particle solidification should be avoided as it
blocks the SCR circuit, and also the solidified urea takes longer time to convert into gaseous phase making it difficult to optimize the
adBlue injection process. To address these aspects requires extra effort which is left for future work.

Keywords: adBlue, evaporation, multi-component.
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Abstract 

Climate change has never before, in the history of mankind, attracted the attention of researchers’ world-wide, like it 
does today. Stringent emission norms and depleting fossil fuel reserves have, in general, led to the development of 
cleaner technologies and optimization of existing technologies for stationary/mobile power generation. Even though 
some technologies like selective catalytic reduction (SCR) devices, for reduction of nitrogen oxides have been in 
existence and widely used in stationary diesel engines for many decades, their adaptation to automobile diesel en-
gines have posed new challenges and this in turn has led to a renewed interest in this area among engineers and sci-
entists alike. In order to optimize the chemical process of reduction of NOx in an SCR device, attempts have been 
made to better understand the evaporation process of urea water solution (UWS) at temperatures typical of those in 
an automobile exhaust gas stream. The current work attempts to further improve our understanding about these pro-
cesses, by measuring the droplet evaporation rate of a suspended UWS droplet using shadow images. This work also 
attempts to develop an empirical model for UWS droplet evaporation which is computationally less expensive and 
easily implementable as a droplet evaporation model for UWS spray simulations.  
 
Keywords: UWS, Single Droplet Evaporation, Micro Fibre Suspended, SCR, Sherwood Number Correlation 
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 X-Ray High-Speed Visualization of Cavitation in Fuel Injector and Discharged Liquid Jet 
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Abstract 
Cavitation in fuel injectors plays an important role in fuel spray characteristics for internal combustion engines. 
However, our understanding on cavitation in the injectors is not enough. In this study we carried out a phase contrast 
high-speed imaging of cavitation in some liquid injectors using a synchrotron x-ray in SPring-8 with a short expo-
sure time. As a result, we found that (1) cavitation inception sometimes occurs in the bulk liquid or on the side wall, 
i.e., heterogeneous nucleation, and cavitation usually consists of non-spherical bubbles, and (2) the sizes of cavita-
tion bubbles in the nozzle are almost proportional to the thickness of the recirculation zone, which is proportional to 
the nozzle size.  
 
Keywords: Cavitation, fuel injection, high-speed visualization, x-ray, diesel fuel injector 
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Abstract 

Spray characteristics are significantly affected by the turbulence of the flow such as cavitation inside the nozzle. The 

objective of the work reported in this study is to clarify the effect of cavitation phenomenon on the flow inside the 

nozzle and the spray characteristics. This report deals with the effect of cavitation phenomenon both in experiment 

and analysis. In the experiment, the purpose is to investigate the effect of cavitation phenomenon on the liquid jet, on 

cavitation bubble morphology and cavitation behavior. In the analysis, our original cavitation model applied turbu-

lence induced by the energy generated with cavitation bubble shrinkage or collapse was incorporated in commercial 

code of Star-CCM+ scheme. The effects of cavitation phenomena on the flow conditions and the liquid jet were sim-

ulated by this model. To validate this model, this numerical simulation results same as experimental conditions were 

compared with the experimental results. In addition, it was confirmed that the number of bubble nuclei gave to the 

flow inside the nozzle by changing the number of bubble nuclei artificially. 

 

Keywords: D.I.S.I, Cavitation, Bubble Dynamics, Nozzle Flow, Liquid Jet 
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Abstract 

Internal Deposit formation in the injector nozzle can both restrict the fuel flow and alter the spray characteristics of 

the injectors. High levels of flow restriction and any level of spray distortion cannot be adequately controlled 

electronically yet. The decrease of the fuel flow rate results in the decrease of power and the fuel spray pattern 

distortion impacts combustion quality, which can lead to loss in power and fuel economy, as well as increased exhaust 

emissions. In the present paper, an experimental facility that simulates the heat environment when a GDI injector is 

working in the engine is employed to make internal deposits form inside the injector nozzle and to study the effects 

of injector tip temperature on deposits formation. Besides, an experimentally investigation to the spray behaviors 

before and after internal deposits forming is reported. Results shows that a proper temperature interval exists, beyond 

which it’s not easy for deposits to form inside the injector. In addition, the positions of deposits accumulating in the 

injector are not the same under different injector tip temperature and a rule is concluded that the higher that the 

temperature is, the deeper the positions of deposits are. Moreover, synchrotron X-ray micro-tomography is used to 

identify the configuration of nozzle, which contributes to understand the experimental results.  

 
Keywords: GDI, Deposits, Injector tip temperature, Spray  
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Abstract 

Klystron effect is a possible mechanism of low and medium frequency combustion instability in liquid rocket en-

gines. Therefore, a better understanding of klystron effect is needed. Present work focuses on the influence of kly-

stron effect on the inner flow and spray characteristics of pressure swirl injector. Film thickness near the injector exit, 

spray angle and size distribution of droplets are analyzed and discussed. The results indicate that the klystron effect 

of pressure swirl injector occurs when the fast fluid catches up with the slower one injected previously. And the fre-

quency of its occurrence is consistent with that of pressure oscillation. When klystron effect initially occurs in the 

injector, liquid is accumulated in swirl chamber. Subsequently, the axial velocity of the liquid at the swirl chamber 

exit increases. After that, the axial-velocity-increased liquid film catches up with the slower one, producing a thicker 

and faster liquid film. When klystron effect moves outside the injector, the spray angle suddenly decreases. As the 

faster and thicker film catches up with slow one, the conical film is folded. This folded film further breaks up into 

ligaments and droplets, producing a spray cluster with the smallest light transmittance. Instead, the SMD (Sauter 

Mean Diameter) of this spray cluster is the largest, because the folded thick film produces more big drops. Above all, 

when the pressure oscillates, klystron effect is observed in the inner flow and the breakup process of liquid film pe-

riodically. Accompanying with the klystron effect, the film thickness at the injector exit, spray angle, transmittance 

of the spray, SMD and diameter distribution oscillate with the same frequency. The klystron effect reduces the un-

iformity of spray and deteriorates the atomization performance. 

 

Keywords: Combustion instability, klystron effect, pressure swirl injector, inner flow, spray characteristics 

                                                           
*
Corresponding author: peakdreamer@163.com 

Supported by Chinese Program for New Century Excellent Talents in University (Grant No. NCET-13-0156) , the 

National Natural Science Foundation of China (No. 11472303 and 11402298) and National Basic Research Program 

of China (Grant No. 613239) 

31



ILASS-Asia 2016, 18th Annual Conference on Liquid Atomization and Spray Systems - Asia, Chennai, India  

Study of Cavitation and 3D Needle Movement due to Erosion in Fuel Injection Nozzles 
Using Coupled Simulation Tools 

 
B. Mandumpala Devassy* and W. Edelbauer 

AVL LIST GmbH, Graz, Austria 
 

D. Greif 
AVL-AST d.o.o., Maribor, Slovenia 

 
 

Abstract 
Internal combustion engines still remain one of the greatest inventions of the modern world. Current developments 
lean towards lower fuel consumption, more performance at high efficiency and low tail-pipe emissions. Studying 
and understanding of different involved physical phenomena requires sophisticated tools, regardless if 
computational or experimental. Present study focuses on the computational study of fuel injection events of a typical 
piezoelectric common-rail mini-sac Diesel injector. The importance of liquid compressibility, viscous heating effect 
and cavitation are addressed. Besides, the influence of cavitation erosion on the 3D needle movement (and thereby 
its effect on the emerging spray) are examined. The adopted methodology involves the coupling of 1D and 3D 
simulation tools, AVL BOOST Hydsim and AVL FIRE™ respectively. The 3D case consists of a 3phase system 
(liquid fuel, fuel vapor and air) with a 3D computational domain comprising a 6-hole injector attached to a high 
pressure gas chamber replicating a real Diesel fuel injection system. The results indicate pronounced flow 
asymmetry due to cavitation erosion which in turn will affect inhomogeneity in spray and mixture preparation inside 
the combustion chamber. Moreover, such flow asymmetry will also lead to radial needle movement adding further 
irregularity in the cavitation cloud thereby producing asymmetric erosion on the nozzle-hole surfaces. 
 
Keywords: Atomization, Injector, Compressible Multiphase flow, Cavitation, Spray Formation 
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High fidelity simulations of binary collisions of liquid drops
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Abstract
The phenomena of binary droplet collision is seen in dispersed phase systems such as sprays in internal combustion engines, gas
turbines, etc. The present work aims at understanding off-center collision dynamics of two droplets of unequal sizes. High fidelity
simulations are performed using three dimensional, two phase- finite volume based solver in OpenFOAM platform. Volume of fluid
(VOF) method is used for interface capturing. Navier-Stokes equations are solved using a projection algorithm. Simulations are done
with MPI parallelization to meet the computational demand. The solver is validated against droplet splashing benchmark test case.
The present numerical results study the effect of impact parameter and diameter ratio on droplet collision dynamics.

Keywords: droplet collision, two-phase flow, Volume of fluid method
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Abstract 
Droplets in a turbulent flow are a common occurrence; and, they undergo coalescence or shattering upon 

colliding with each other.  While binary droplet collision experiments delineate regimes of coalescence and shatter-
ing, statistics of such events with droplets in a turbulent flow field are lacking. An active turbulence grid (ATG) is 
adopted with a spray downstream of it, to focus on the spray-turbulence interaction far downstream where the drop-
lets have attained nearly constant diameter and velocities over large radial distances. The ATG introduces a near-
isotropic turbulence, with anisotropy in the 1.1-1.2 range over a wide range of intensities spanning 5-20% to an oth-
erwise near-laminar uniform convective flow with velocities ~2 m/s.  A rate of coalescence is calculated based on 
the spatial growth of droplet sizes (measured using PDPA-Phase Doppler Particle Analyzer) and the droplet resi-
dence time in the turbulent flow field (measured using LDV- Laser Doppler velocimetry).  The coalescence rate is 
observed to increase with turbulent intensity up to some level, beyond which it mildly decreases with further in-
crease in turbulent intensity. At each turbulence intensity, we identify a cross-over diameter above/below which the 
number density of droplets of a given size increases/decreases with the residence time in the turbulent flow. We dis-
cuss some potential physical mechanisms that may describe the observed coalescence behavior. Further high-speed 
tomographic visualization experiments are needed to substantiate the coalescence or shattering of droplets as the 
above data indicates. 
 
Keywords: Spray, Kolmogorov scale, coalescence, turbulence intensity 
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Abstract 

This study concerns the measurement of droplet diameter before and after coalescence of droplets during atomiza-
tion of spray from a low-pressure (2-6 bar) multi-hole injector. The droplet diameter is measured by high-speed im-
aging along the spray axis at 30, 50, and 70 mm from the injector tip.  The configurations studied are a single hole 
and two adjacent holes of a four-hole injector, where such coalescence was previously suspected to cause growth in 
droplet size along the spray downstream as measured by PDPA, whereas spray from the two diagonal holes and all 
four holes did not exhibit this behaviour.  Droplet pairs of different size ranges collide to form bigger droplets with 
different probabilities for the single and two-hole cases at different injection pressures.  In both cases, droplets of 
130-170 microns size lead to ones of 230-260 microns at low pressures (2-3 bar).  At high pressures (4-6 bar), how-
ever, droplets >150 microns collide to form those >200 microns, more frequently for the single-hole than the two-
hole case, whereas coalescence at smaller sizes, i.e., >80 microns leading to 150-180 microns, occurs more frequent-
ly for the two-hole rather than the single-hole case. 

 
Keywords: Droplet coalescence, port fuel injector, high speed imaging, droplet diameter 
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Abstract 
While binary droplet collision has been well studied in past, which constitutes the basis for modelling collision 
outcomes in current spray computations, experimental report on major effects of droplet collision in sprays is not 
abundant. The present paper aims to quantify the effect of droplet collisions on spray characteristics and dispersion 
of droplets in overlapping region of two interacting sprays, whose axes are parallel to each other. Planar 
measurement of droplet size is achieved by ILIDS (Interferometric Laser Imaging for Droplet Sizing) technique, 
while droplet velocity is measured by Particle Image Velocimetry (PIV). The droplet number density is measured by 
identifying individual droplets on PIV image and then droplet counting within an interrogation window. The results 
show considerable effect of spray interaction on droplet characteristics for the considered flow conditions, for 
example, droplet velocity increases in the overlapping region, while droplet number density reduces suggesting 
droplet coalescence. The paper includes a comprehensive report on the effect of droplet collision on droplet size, 
number density, velocity and liquid volume flux in the spray overlapping region. 
 
Keywords: Spray, droplet collision, coalescence, ILIDS, number density, clusters. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

*Corresponding author: ssahu@iitm.ac.in 

37



38



 

 

 

 

 

Engine Sprays - 1 



ILASS-Asia 2016, 18th Annual Conference on Liquid Atomization and Spray Systems - Asia, Chennai, India  

Microscopic Spray Investigation of Karanja Biodiesel and Its Effects on Engine Perfor-
mance and Emissions 

 
Chetankumar Patel, Nikhil Sharma, Nachiketa Tiwari and Avinash Kumar Agarwal* 

Engine Research Laboratory, Department of Mechanical Engineering 
Indian Institute of Technology Kanpur, Kanpur-208016, India 

 
Abstract 

 
Diesel engines are widely popular for small to large size vehicles and agricultural/ construction/ power generation 
machines. Biodiesel from non-edible oils such as Karanja can be used as an alternative fuel without modifications in 
the engine hardware. Fuel atomization is largely affected by higher viscosity of biodiesel. Microscopic spray inves-
tigations are conducted to understand the spray behavior of the biodiesel. This investigation carried out to measure 
spray droplet’s sauter mean diameter (SMD), droplet velocity and its variations with respect to time at lower injec-
tion pressure of 200 bar (Typical fuel injection pressure in mechanical fuel injection equipment equipped engines) at 
atmospheric condition for Karanja biodiesel (KB100) and mineral diesel. Higher SMD and slightly lower velocity 
were observed for KB100 vis-à-vis baseline mineral diesel. Engine performance and emissions were measured for 
these test fuels at constant engine speed of 1500 rpm. Higher CO emission and lower HC and NOX emissions were 
observed from KB100, primarily due to differences in spray characteristics and fuel properties.  
 
Keywords: Microscopic Spray Characteristics; SMD; Droplet Velocity; Biodiesel; Emissions. 
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Abstract 
Ethanol is considered as one of the clean alternative fuels for IC engine applications. Due to its properties, ethanol 
can be used directly in spark ignition (SI) engines with very little modifications. However, using ethanol to fuel 
compression ignition (CI) engines has its own challenges including poor ignitability and lubricity. These challenges 
can be overcome by using additives and by developing new combustion systems by modifying the engine geometry 
and components. The use of ethanol as an alternative fuel in diesel engines has the potential to reduce particulate 
emissions significantly. In the present study, spray combustion of pure ethanol from a multi-hole common rail diesel 
injector was studied using high speed optical diagnostics. Fuel was injected into an optically accessible constant 
volume chamber maintained at high temperature and high pressure conditions. Mie scattering and natural soot 
luminosity images were acquired and analysed. Under similar ambient conditions of temperature and pressure, 
ethanol exhibited higher soot lift-off length, longer ignition delay and lower soot luminosity when compared to 
diesel. Variations in soot lift-off lengths and ignition delays between sprays from different orifices were attributed to 
anomalies during initial part of injection.  
 
Keywords: Ethanol spray combustion, lift off length, Spray combustion, Ethanol spray. 
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Abstract 
In order to meet stringent emission norms, it becomes necessary to understand the behavior of atomized fuel spray 
droplets of a GDI engine. An experimental study was carried out to find droplet size and velocity distributions using 
phase droplet interferometry (PDI). Experiments were performed in ambient condition using a gasoline direct injec-
tion (GDI) injector at a fixed fuel injection pressure (FIP) of 80 bar. Two fuel injection quantities of 12mg and 20mg 
per injection were compared for spray droplet size and velocity distributions. Shadowgraphy of the spray plume was 
performed with the help of a high speed CCD camera to determine primary and secondary spray breakups. Experi-
ments were performed 30 mm downstream of the GDI injector nozzle. Maximum spray droplet velocity distribution 
was found to be almost similar at same FIP, irrespective of fuel injection quantity. The three channels measured the 
droplet velocity distributions in mutually orthogonal planes. Increasing the fuel injection quantity while keeping 
constant fuel injection pressure, didn’t make noticeable difference in velocity or diameter distributions. It was ob-
served that lower fuel injection quantity exhibited larger droplet surface area in contact with ambient air at constant 
pressure therefore it led to superior fuel-air mixing. 
 
Keywords: Gasoline direct injection, spray, atomization, droplet size distribution,and droplet velocity distribution. 
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Abstract 
Pintle injectors are used in bipropellant rocket engines to control the mass flow rate and allow for deep throttling to 
obtain high combustion efficiency. Movable pintle tip allow a variety of spray characteristics. To study this effect, a 
numerical study was conducted on a 2D axisymmetric model with two different of pintle-opening distances. Water 
and air were used as propellants. The liquid sheet was broken by injecting water from a center gap and air from an 
annular gap of the pintle injector. The discrete spray model was used to simulate the breakup, with secondary 
breakup being performed using a wave model. To validate the spray models, analyses were conducted with a 
breakup time constant of B1 = 1.73 with an initial droplet diameter equivalent to the pintle-opening distance in the 
wave-breakup model. The Sauter mean diameter was the primary performance parameter considered for 
comparison, and validation was performed throughout experiment. Further, the effects of gas phase on liquid droplet 
breakup and the secondary atomization of droplets were observed from the spray-particle images. Recirculation in 
flows was investigated in terms of spray angles and mixing of propellants. Finally, numerical results were obtained 
using B1 = 1.73 and found to agree with the experimental data concerning SMDs.  
 
Keywords: Pintle injector, Water–air spray, Sauter mean diameter, Simulation, Liquid rocket engine 
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Abstract 

 

 

The present study demonstrates the n-Heptane liquid fuel injected spray break-up process and evaporation with 

elevated pressures in BERL Burner by performing computational analysis using Eulerian-Lagrangian multiphase 

scheme. Spray combustion is a complex process which involves two phases as gaseous phase and liquid phase. 

Here, the liquid in the form of droplets as discrete/dispersed phase and gas as continuous phase. The computational 

approaches such as Lagrangian is formulated for discrete phase and Eulerian approach formulated for continuous 

phase.  In the current spray combustion simulations four Cone Nozzle Injectors used from which the liquid fuel n-

heptane is injected into high temperature (850K) gaseous environment through 3 × 10−4𝑚 cone nozzle diameter. In 

this study the total six simulations were carried out such as simulations of high pressure fuel injection (10bar, 15bar 

and 20bar) combined with two different Burner chamber pressures (3bar and 5bar). In this research the numerical 

investigation for liquid spray break-up process and evaporation is done using the open-source software package 

OpenFoam.  

Models like Break-up, Heat Transfer, turbulence and evaporation models used in the sprayFoam solver which is in-

built solver in OpenFoam. Each model has its own sub-model like for evaporation studied with Spalding sub-model, 

for heat transfer studied with RanzMarshall sub-model and for break-up studied with ReitzDiwakar sub-model. 
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Abstract 

This study numerically investigates the effect of sauter mean diameter of water droplets on the extinction of counter-
flow methane diffusion flame. Fully developed methane and oxidizer streams flow from top and bottom inlets, re-
spectively. Nitrogen is supplied through a co-flow annular path outside both ducts to reduce the interference be-
tween the reactants and ambient gas. Poly dispersed water droplets having average sizes (SMD) of 38.5 μm and 60.2 
μm are introduced from the lower duct at a steady rate along with the air stream. The mass fraction of water droplets 
is kept as 0.022. For a given water droplet diameter, oxygen mole fraction in the oxidizer stream is decreased from a 
value of 0.3 till a point where the flame eventually extinguishes. For a given SMD, the oxygen mole fraction at 
which the flame extinguishes is found to be in good agreement with the experimental results. As the oxygen concen-
tration is reduced from 0.3, the temperature and extents of the flame zone decrease and finally the flame extin-
guishes. When temperature and reaction zone extents change, the path of the water droplets also changes. The case 
with SMD of 60.2 microns interacts directly with the flame in heterogeneous mode. As a result, the flame is 
quenched at a higher oxygen mole fraction than that in the case of 38.5 microns. 
 
Keywords: counter flow methane diffusion flame, water droplets, oxygen mole fraction 
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Abstract 

A numerical investigation of the influence of polydisperse spray of water droplets and flame curvature on the extinc-

tion of counterflow laminar diffusion flames is presented. A practical atomizer generally produces a range of sizes 

of the droplets .The size distribution of the water droplet plays a crucial role in the effectiveness of the water spray. 

The common practice of representing the polydisperse spray by some suitable mean diameter (e.g., Sauter mean 

diameter) may not be effective in the present situation as the dynamics and evaporation characteristics of the indi-

vidual droplets are different due to their different sizes. The physics of flame extinction by water droplets is complex 

due to interaction between flame stretch, flame curvature and heat loss due to evaporation. The present numerical 

study uses the commercial CFD code ANSYS Fluent with Laminar finite rate model and reduced CHEMKIN chem-

istry for numerical simulations. The discrete phase, namely the water spray, was simulated using Lagrangian DPM 

approach. In the present simulation the extinction condition was obtained by decreasing the oxygen concentration of 

the oxidizer stream for different water droplet size distributions. Different numerical models used for simulation 

have been validated with experimental data. Extinction conditions of both flat and curved flame have been explored.  

An optimum droplet diameter was obtained for which the effectiveness of the spray was maximum. 

Keywords: Counterflow diffusion flame, Water spray, Extinction condition, Polydisperse spray, Discrete phase 

modeling, CHEMKIN 
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Abstract 

Water spray systems are effective hydrogen hazard mitigation technique during severe accidents in nuclear power 

plants. Water spray helps in fire suppression in two ways; reducing temperature by absorbing the latent heat of 

evaporation and diluting the oxygen level due to vapor generated by evaporation. Flame speed reduction by using 

fine water spray can be a measure of efficacy of water as a fire suppressant. In the present study, effect of fine water 

droplets on the flame speed of Hydrogen-air premixed flame was numerically investigated using a single jet-plate 

configuration. The present numerical study uses the commercial CFD code ANSYS Fluent 14.5. The discrete phase, 

namely the water spray, was simulated using Lagrangian DPM approach. Dependence of Laminar flame speed on 

strain rates for stoichiometric mixture has been studied without water spray and was compared for varied spray situ-

ations. The chemical reaction rates involving different radicals like OH are also observed to be affected when the 

water spray is present. 

 

Keywords: Laminar flame speed, Stagnation flow, Fire suppression, Water spray, Stretch Rate 
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Abstract 
Droplet impact dynamics of the hydrogels on the hydrophobic surfaces have been studied experimentally and 
compared with water and ethanol as the reference fluids. Hydrogels are prepared by lading water with Polyacrylamide 
polymer at three loading rates 1, 2, and 3 wt. %. The resultant hydrogel phase behaves as a shear thinning fluid with 
altered rheophysical properties. The presence of polymer additive modifies the entire spreading dynamics by reducing 
the maximum spread which occurs due to the presence of non-zero yield stress and also by eliminating the well-known 
bouncing effect observed in case of water. Despite the effect of inertial spreading of the droplet, dominant viscous 
forces act as dampers during both the spreading and the receding regimes. In particular, viscous forces prolong the 
receding period by an order of magnitude while completely suppressing secondary spreading. Finally, it is shown that 
the shear-thinning fluids follow the classical Tanner’s law (𝑅𝑅 𝛼𝛼 𝑡𝑡

𝑛𝑛
 7+3𝑛𝑛 ; R: spread radius, t : time and n: shear thinning 

index), however, with a simple modification involving the substitution of shear thinning index (obtained from 
rheology) with the spreading exponent that is estimated from drop impact experiments.  
 
Keywords: Drop Impact, Shear-thinning fluid, Yield stress fluid, Hydrogel  
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Development, Indian Institute of Technology Madras, India 
 

Abstract 

This experimental work investigates the evaporation rates of pendant droplets of liquids (water, ethanol) in different 

ambient gases (nitrogen, carbon dioxide and sulfur hexafluoride). The evaporation rates of liquids are studied at am-

bient pressure, in a sealed chamber. A steel needle is used to suspend droplets. The evaporation rates of droplets are 

measured using backlight shadow imaging technique. Bulk and surface temperatures of droplets are also measured 

during evaporation. A comparison of measured and diffusion driven rates shows that factors other than the diffusion 

influence the evaporation rates. The rate of evaporation of an ethanol droplet is highest in nitrogen gas and lowest in 

sulfur hexafluoride and a similar trend is observed in the case of evaporating water droplets. Bulk and surface             

temperatures of evaporating droplets in nitrogen gas are lower than those measured in sulfur hexafluoride. Evaporative 

cooling is more pronounced in the case of droplets evaporating in nitrogen.   

 

Keywords: Droplet evaporation, bulk temperature, surface temperature, evaporative cooling, heat balance 
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Experimental investigation of droplet evaporation under forced convective conditions 
S. S. Markandeya*and R. V. Ravikrishna 
Department of Mechanical Engineering 

Indian Institute of Science 
Bangalore 560012, India 

 
Abstract 

Droplet evaporation rate plays an important role in many chemical and combustion applications. In this experi-
mental investigation, droplet size and velocity distributions of a sparse spray under convective flow conditions are 
measured using laser imaging techniques. The experimental setup involves use of a nebulizer which injects a sparse 
spray into a hot co-flow environment mimicking a practical spray evaporation environment. The nebulizer generates 
liquid sprays with droplets between 5-μm to 40-μm. The hot co-flow is generated using a H2-O2-N2 flat flame, where 
the co-flow temperatures can be varied from 473 K to 1073 K. Laser diagnostic techniques such as PIV, PTV and 
Shadowgraphy are used to characterize the convective environment and the droplet size distribution in the spray. 
Classical models for droplet drag and evaporative mass transfer are used to predict the downstream droplet size dis-
tribution using experimental data at a lower height. A reasonable match is observed between predictions and exper-
imental data on droplet size-velocity correlation. 
 
Keywords: Evaporating sprays, Drop size measurement, Shadowgraphy, PTV, PIV, Forced convection 
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Study on Flame Spread Behavior in Two-dimensional and Three-dimensional  
Droplet Clouds Considering Flame-spread limit Based on Microgravity Experiments of 

Flame Spread of Droplet Arrays 
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1 Department of Mechanical Engineering Education, Sebelas Maret University 

Jl. Ahmad Yani No.200 Surakarta, Jawa Tengah, Indonesia 
E-mail: hermansaputro@staff.uns.ac.id 
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Abstract 
This research presents the numerical simulation of flame-spread behavior in randomly distributed large-scale droplet 
clouds by using a percolation approach. The percolation model was created based on so-called “Mode 3” flame-spread 
with paying attention to the flame-spread limit distance (S/d0)limit which was obtained in microgravity experiments of 
flame-spread droplet arrays. The simulation applies a simple flame-spread rule that the flame can spread to droplets 
existing within the flame-spread limit distance (S/d0)limit. Droplets are arranged on the lattice points in two-dimensional 
(2D) and three-dimensional (3D) lattice. The group combustion of droplet clouds appears if the flame spread starting 
from a side in 2D droplet arrangements and a face in 3D droplet arrangements reaches the other sides in 2D droplet 
arrangements and the other faces in 3D droplet arrangements. The occurrence probability of group combustion 
(OPGC) was calculated as a function of the mean droplet spacing (S/d0)m. The (S/d0)m for 0.5 OPGC is defined as the 
critical mean droplet spacing (S/d0)critical, which separates the droplet cloud into two groups if the lattice size becomes 
infinity; relatively dense droplet clouds in which the group combustion is excited through flame spread and dilute 
droplet clouds in which the group combustion is never excited. The results show that the (S/d0)critical in 3D droplet 
arrangement is greater than that in 2D droplet arrangement. Even when the group combustion occurs, a portion of the 
droplets remains unburned and the (S/d0)critical can be a good index for the stable combustion and hydrocarbon emis-
sion. 
 
Keywords: Droplet clouds, Flame-spread, Group combustion, 2D and 3D droplet arrangements, and Percolation ap-
proach.  
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Disruptive Combustion Behavior of Gelled Ethanol Fuel droplets 
  

Ankur Miglani*†, Purushothaman Nandagopalan†, Jerin John† and Seung Wook Baek 
Department of Aerospace Engineering 

Korea Advanced Institute of Science and Technology (KAIST) 
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Abstract 

Gelled fuel droplets are known to exhibit an unsteady combustion behavior with characteristic vapor jetting events 
that disrupt the flame structure. This study reports first observations on the combustion characteristics of organic-
gellant based ethanol fuel droplet. It is observed that vapor jetting is a dominant process through which the unreact-
ed fuel vapors are released from the droplet domain as opposed to vapor diffusion; dominant in case of hydrocarbon 
fuel droplets. Jetting events occur throughout the droplet lifetime and are governed by two competing mechanisms: 
First, bubble formation and growth within the droplet domain that leads to internal pressure build-up and promotes 
rupture. Second, the gellant layer formation at droplet-gas interface that tends to sustain this pressure through elastic 
stretching and increased thickness (with progression in droplet lifetime). The dynamic interplay between these pro-
cesses results in four dominant jetting modes with distinct intensities: First, high velocity jets that break the flame 
envelope. Second, low velocity jets that tend to corrugate the flame envelope. Third, continuous jets that sustain for 
large timescales comparable to droplet lifetime and fourth, simultaneous jetting that results in flame break at multi-
ple points. An understanding of the jetting phenomenon is crucial since it may influence rocket engine performance 
by varying local fuel-oxidizer ratio and gas phase mixing. 
  
Keywords: Droplet combustion, Gel fuels/propellants, Ethanol gel, Organic gellant, Jetting, Microexplosion.  
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Droplet diameter measurement near a nozzle exit of a gasoline DISI injector 
 

N. Kawahara1*, E. Tomita2 
Department of Mechanical Engineering 
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Tsushima-Naka 3-1-1, Kita, Okayama 700-8530, Japan 

 
Abstract 

The purpose of this study is to investigate the unsteady spray structure formed by one hole of multi-hole injector using 
a phase Doppler anemometer. The primary spray breakup near the nozzle exit of DISI injector is important to under-
stand the atomization process of direct injection spark ignition (DISI) injector. it is quite important to exit the appro-
priate stratified fuel mixture around the spark plug due to directly fuel injection inside the cylinder and a larger amount 
of recycled exhaust gas in DISI engine. The mixture equivalence ratio near the spark plugs at the time of the spark 
discharge is especially important for the ignition to succeed.  Because the fuel atomization process has a dominant 
effect on the subsequent combustion process and directly impacts the power output, fuel consumption, and exhaust 
emissions, direct-injection systems into engine cylinder are increasingly the subjects of research and development 
projects. 
In this experiment, droplet diameter and axial velocity in spray formed by one hole of multi-hole injector were meas-
ured with Phase Doppler Anemometer (PDA) to investigate atomization characteristics near the nozzle exit of the 
DISI injector. Firstly, droplet Stokes/ Weber number were evaluated using droplet diameter and axial velocity. It is 
shown that large droplets are broken up by being subjected to air resistance and are decreased. Therefore, the atomi-
zation is promoted in the central axis of the spray. Secondary, the measured droplet diameter and velocity were used 
as initial condition of numerical simulation. Experimental results correspond to those of numerical simulation in terms 
of penetration length and droplet diameter along the downstream. Three main conclusions were obtained from this 
research. It is possible to obtain droplet diameter and velocity distribution very close to the nozzle exit of DISI injector 
using HiDense PDA system. Smaller droplets under 10 µm can follow the entrainment vortex at the spray shell. On 
the other hand, larger droplets over 15 µm have larger velocity to penetrate the entrainment vortex. The atomization 
process is predominantly occurs at the center of the spray. Droplets larger than 15 µm shows higher Weber number 
near the nozzle, so these droplets would subject to further break up. Smaller droplets show small Weber number so 
these droplets are supposed to be stable. 
 
Keywords: Phase Doppler anemometry, DISI injector, Droplet diameter, Droplet Stokes/ Weber number, Numerical 
simulation 
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The Effect of Fuel Injection Timing on the Macroscopic Spray Characteristics in a Gasoline 
Direct-Injection Engine with Optical Access 

 
A. Bisht1, M. Mittal1*, and H. Schock2 

1Department of Mechanical Engineering, IIT Madras, Chennai, India 
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Abstract 
An optically accessible single-cylinder spark-ignition engine was used to study the influence of fuel injection timing 
on the macroscopic spray behavior. A multi-hole high-pressure direct-injection fuel injector was used with injection 
pressure of 5 MPa. Mie scattering technique was employed to visualize the liquid phase of the fuel dispersion. The 
obtained spray images were then used to study the macroscopic spray characteristics such as spray structure, spray 
tip penetration length and spray area. Considering different fuel injection timings, results showed that the spray tip 
penetration was longer at 210⁰ before top dead center (BTDC) of compression compared to injection timings at 240⁰ 
BTDC and 180⁰ BTDC. Comparing different engine speeds, it was found that the spray areas were comparable at 
initial time stamps from the start of injection, but, it was enhanced considerably with the increase in engine speed at 
later time stamps. 

 
Keywords: Gasoline direct-injection engine, high-speed imaging, macroscopic spray characteristics 
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Liquid and Vapor Penetration Length Estimation for GDI Spray of Iso-Octane and 

Alcohols at Elevated Pressure and Temperature Conditions 
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Abstract 

Gasoline Direct Injection technology is gaining lot of interest because of its improved fuel efficiency and higher 

power. Due to environmental concerns and reduced dependency on fossil fuel, blending of alcohol based bio-fuels in 

the regular gasoline is becoming more common. Since the technology is completely spray controlled, changing the 

thermo-physical properties of the fuel can adversely affect the engine performance. In the present work Isooctane 

and two alcohols namely ethanol and n-butanol were selected to study their macroscopic spray behavior such as 

liquid penetration and the vapor penetration length. Six holes solenoid injector was used to study the fuels under the 

engine like elevated pressure and temperature conditions. Schlieren based visualization technique was used to track 

the vapor phase of the spray, whereas liquid portion was captured using Mie-scattering. Separate experiments were 

conducted to detect the liquid and vapor phase of the spray plume. Higher pressure and temperature was created by 

combusting a mixture of air and acetylene. Results show that thermo-physical properties such as boiling point and 

the latent heat of vaporization of the fuels play an important role in the spray penetration. The liquid penetration 

length of isooctane was less than the alcohols because its latent heat of evaporation is the least and therefore droplet 

cooling was correspondingly also less. Alcohols showed the higher liquid penetration due to their high latent heat of 

evaporation.  

 

 

Keywords: GDI Spray, Schlieren, Mie-scattering, liquid penetration, vapor penetration, alcohols 
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Numerical Prediction of Purging of a GDI nozzle at the End of Injection

S.Mouvanal1,2∗, A. Burkhardt2, D.Chatterjee1, and S.Bakshi1

1.Department of Mechanical Engineering, Indian Institute of Technology Madras, India
2.Continental Automotive GmbH, Regensburg, Germany

Abstract
Recently there has been a raised interest on the internal nozzle flow, its transient behavior during needle closing stage. This also in-
clude estimation of the amount of residual fuel left in the sac volume at the end of the injection because of its direct impact on engine
performance and emission. In the present study, numerical simulations were performed on a multihole GDI nozzle using ANSYS
Fluent in order to understand the internal flow behavior during the fully open, closing and closed stages of needle. Multiphase
model involving three phases with VOF method for interface tracking was used. Mass transfer was modeled using Schnerr-Sauer
cavitation model and turbulence was modeled using k-ω SST with Reboud’s correction on turbulence viscosity term. Moving mesh
method which works on a user defined interpolation strategy was used to depict the prescribed needle motion. The simulation pro-
vides insight into the physics of internal flow dynamics in nozzle holes and the sac volume involving vapor generation, back flow
of air from cylinder side to the sac volume and removal of residual liquid in the sac volume and nozzle. The result was compared
with the X-ray measurements from the literature.

Keywords:GDI nozzles, EOI, cavitation,hydraulic flip, multiphase, purging
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Experimental analysis of spray characteristics using fuel heating for D.I.S.I engines 

 

E. Matsumura*, K. Imori, Y. Sakai, J. Senda 
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1-3, Tatara, Miyakodani, Kyotanabe-shi, Kyoto, 610-0394, Japan 

 
 

Abstract 

 

 
The flash boiling by fuel heating is a useful method to control the time spatial spray characteristics such as atomiza-

tion of droplets, vaporization and air-fuel mixture density. It is one of the important phenomena for a direct injection 

gasoline engine (D.I.S.I) as a next generation powertrain. This report focuses on flash boiling spray, using fuel heat-

ing to understand its physical phenomena with scattered light method, schlieren photography and Super High Spatial 

Resolution Photography (SHSRP). Fuel was iso-octane and a single hole nozzle were used for the purpose of basic 

phenomenon analysis. The influence on spray shape can be shown by schlieren photography. Spray droplet diameter 

and spray dispersion at the nozzle exit are observed by super high spatial resolution photography which is our origi-

nal development technique. As a result, spray dispersion and atomization were controlled and improved drastically 

by flash boiling. It was clarified that fuel spray shape greatly varied by heating more than saturated temperature and 

not only atomization of the whole spray is fine, but also a spray core region decreases. In the heating condition that 

is slightly lower than critical temperature, a shock wave “MACH DISK” was confirmed at nozzle exit. 

 

Keywords:  fuel heating spray, flash boiling, spray characteristics, D.I.S.I, 
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Artificial Control in Spray Combustion Process Based on Fuel Design Concept for Engine 
Systems 
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Abstract 

I have proposed novel kind of fuel design researches for both Diesel and Gasoline engines by applying several kind 
of mixing fuels from the basis of just fuel side approach, as another selective way to get higher efficiency and lower 
emissions. Here, I am focusing on in-cylinder spray improvement and combustion control based on flash boiling 
spray. I will introduce flash boiling process of Gasoline spray and mixing fuel with gasoline and Diesel gas oil, as 
well as flash boiling spray model. Also, modelling and simulation of evaporation process in multi-component fuel 
sprays. My fuel design researches have been composed with CO2 - Diesel gas oil mixture case, mixing fuel with 
Gasoline component and Diesel gas oil component and further mixing fuel with gas fuel and Diesel gas oil compo-
nent. This talk is a kind of summary of these fuel design approach studies including the promising concept, practical 
studies and future extending research aspect. In this approach, the flash boiling spray is applied to control the physi-
cal evaporation process and some kinds of mixing fuels are used to control the chemical burning process. Thus, in 
the experiments, mixing fuel of liquefied CO2 and n-tridecane (Gas oil) is used to obtain the simultaneous reduction 
both soot and NOx, and mixing fuel of gas or Gasoline component and Diesel gas oil component to control both 
evaporation and ignition processes.
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Design and Analysis of a High Pressure Swirl Atomizer 
 

Suresh Lal, Pranay Matkar  
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Abstract 

This work was focused on design, development and characterization of a high-pressure swirl atomizer. The nozzle 
was designed for an inlet supply pressure of 80 bar of water flow. The spray characteristics were experimentally 
evaluated on the designed and fabricated nozzle. The characterization involved the measurement of liquid flow rate; 
spray cone angle and the droplet diameter using laser diffraction technique for different liquid supply pressures. Op-
timization of Sauter Mean Diameter of the droplets was achieved by varying the liquid supply pressure over a range 
of 40 to 100 bar. The experimental observations of SMD were compared with the analytical model developed by 
Wang and Lefebvre (1987). It was observed that the coefficient of discharge through nozzle was nearly 0.65, much 
better than that predicted by the theory proposed in the available literature. The spray cone angle was decreasing 
with the increase in pressure and the measured droplet SMD was within the same order as predicted by Wang and 
Lefevbre. 
 
Keywords: Spray, atomization, high pressure, swirl, drop size, discharge coefficient; spray cone angle 
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Spray Characteristics from a Twin-Fluid Atomizer with Internal Impactor 
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Abstract 

In Fluidized Bed Catalytic Cracking (FCC) process, hydrocarbon feed undergoes vapour phase cracking in presence 
of hot regenerated catalyst to produce valuable products like LPG, Gasoline and Diesel. FCC feed injection system 
is most critical hardware component of FCC unit in order to get desired product yield by minimizing the undesirable 
dry gas and coke yield. Typically, twin-fluid nozzles (hydrocarbon and stream) are used to atomize the feed. In the 
present study, a twin-fluid injector, with an internal impactor to minimize the droplet size and velocity, is designed 
and developed. The performance of the feeding injector was evaluated using water and air as operating fluids and 
the droplet size and velocity were measured 150 mm downstream of the injector tip using a PDPA system for differ-
ent water and air flow rates. The average droplet size (D32) showed an increase while the droplet velocity remained 
almost constant with the increase in the liquid flow rate for a given flow rate of air, consistent with the increase in 
droplet size with decreasing air-liquid ratio for twin –fluid atomizers. But, for a given liquid flow rate, the droplet 
SMD decreased and the droplet velocity increased with increasing airflow rate, which can be attributed to the in-
crease in overall kinetic energy due to the increase in air flow rate. The flow rate of liquid was seen to be independ-
ent of air flow rate unlike conventional twin-fluid atomizers. The droplet size was found to be a function of ALR 
and the local volume flux of the droplets was found to be a function of the liquid flow rate.  
 
Keywords: fluidized bed catalytic cracking, twin fluid atomizer, internal impactor, PDPA measurement, drop size
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Spray cross-sectional pattern analysis of a SIDI multi-hole injector under various flash 
boiling conditions 
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Abstract Flash boiling spray generated by the injection of superheated fuel can greatly improve the fuel atomization, evapora-

tion and combustion processes, which results in improved fuel economy and reduced exhaust emissions. In this 
study, the spray pattern of a six-hole injector at various planes below the injector tip was recorded using the planar 
laser Mie-scattering imaging method. N-hexane was chosen as the test fuel. Fuel temperature ranged from 25 °C to 
85 °C, and ambient pressure varied from 20 kPa to 200 kPa, which producing a wide range of superheated condi-
tions. The fuel injection pressures were 15MPa and 25MPa. The results showed that both increasing fuel tempera-
ture and decreasing ambient pressure led to expanded fuel plumes and more compact fuel plumes distribution, of 
which the distance between the centroid of each plume and injector tip decreased. The spray collapse length in-
creased with decreasing Pa/Ps ratio, and also increased with injection time elapse under superheated conditions. 
Higher fuel injection pressure suppressed the formation of spray collapse 
 
Keywords: SIDI injector, spray collapse, superheated condition, planar laser Mie-scattering imaging
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Abstract  

Advanced low temperature combustion engines show higher sensitivity to changes in fuel properties influencing fuel 

reactivity and physical delay which in turn depend upon fuel spray characteristics. Spray characteristics of potential 

fuels for advanced combustion engines are sparsely available. The present work intends to study the effects of 

changes in fuel properties and fuel injection pressure on the macroscopic fuel spray behaviour. The experiments 

were carried out in a constant volume spray chamber with different potential fuels for advanced combustion engines, 

viz. Diesel with 10% gasoline (DG10), Diesel with 20% gasoline (DG20), Diesel with 20% kerosene (DK20), and 

Biodiesel with 30% kerosene (BK30). Fuel injection pressure and the injection strategies have been chosen as 

representative of direct injection diesel engine working conditions. The injection pressure was varied by using a 

flexible common rail test rig and an engine controller. The test fuels are injected in a constant volume spray chamber 

that was maintained at 3 MPa pressure and ambient temperature conditions. The spray characteristics such as spray 

tip penetration distance, spray cone angle were obtained from a spray visualization system for the different fuel 

blends. The obtained results show that the changes in physical properties of the fuel blends significantly affect the 

macroscopic spray behaviour. Further, a comparison of obtained results with that of conventional diesel fuel show 

significant differences in the spray characteristics of these fuel blends. 

 
Keywords: Spray, atomization, Bio fuel, Spray penetration length, Spray Cone Angle 
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Experimental and numerical characterization of fatty acid and methyl ester sprays

R. D. Lanjekar1* , D. Deshmukh2

Spray and Combustion Laboratory, Discipline of Mechanical Engineering,
Indian Institute of Technology Indore, Indore 453552, India.

Abstract
The spray characteristics of Straight Vegetable Oil (SVO) can be better understood by studying sprays of its individual components
which are pure fatty acids. Oleic faty acid is one of the major component of SVOs commonly used as fuel for diesel engine or for
producing bioidesel. This research paper presents experimental and numerical study on spray characteristics of pure oleic fatty acid and
methyl oleate. The simulation results are validated with experimental spray tip penetration for n-heptane. The validated model is used to
predict spray tip penetration for methyl oleate and oleic fatty acid. It is found that spray tip penetration predictions are closely matching
measurements for methyl oleate, whereas predicted spray tip penetration for oleic fatty acid is 7-10% lower than that of the experimental
measurements.

Keywords: oleic fatty acid, methyl oleate, n-heptane, spray tip penetration, openfoam
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Effect of biodiesel-ethanol blends on spray atomization 
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Abstract 

In the present research work, biodiesel-ethanol (BDE) blend sprays are studied using high-speed shadowgraphy 
technique. Ethanol is blended with biodiesel in 10%, 20% and 30% proportion by volume. Pure biodiesel (BD100) 
is used as a reference fuel. The experimental results show a decrease in spray tip penetration and increased cone 
angle with increasing ethanol percentage in the BDE blend. The BDE30 blend shows a maximum spray cone angle 
and reduced spray tip penetration among all the blends for all fuel injection pressures. Finely dispersed droplet cloud 
is observed in front of the spray tip for BDE30 spray. The reduced kinematic viscosity, surface tension and density 
of BDE blends may be a reason for improved atomization. 
 
Keywords: Biodiesel-ethanol (BDE) blends, spray cone angle, spray tip penetration 
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Abstract 

Atomization of high viscosity fluid finds its applications in the fuel injection systems for space propulsion, agricul-

tural sprays, chemical processes and for pharmaceutical industries. Despite its wide application, the exact mecha-

nisms involved with the breakup of these high viscous fluids have not been completely understood. In this work the 

break-up characteristics of a highly viscous liquid sheet was investigated through the like-on-like injection configu-

ration. The influence of nozzle exit flow velocity profile before impingement was varied to study its effect on sheet 

topology and droplet break-up for water-glycerol fluid mixtures at different fluid injection pressures. The nozzle exit 

profile was varied by using nozzles of different length to diameter ratios. 

 

Using shorter injectors, it was found that atomization resembled that of lower viscosity fluids. The liquid sheet de-

stabilized into a wide range of drops promptly, even at low injection pressures. In contrast, for similar injection pres-

sures, using the long injectors the sheet stretched and did not break down to significant droplets. The former effect 

was attributed to the incomplete development of the boundary layer in the nozzle, thus upon the jet exit, instabilities 

developed promptly. The findings are significant; as they demonstrate that under the correct injection conditions, 

atomization of high viscosity fluids becomes a reality even at low injection pressures. 

 

Keywords: Atomization, high-viscosity fluids, sheet break-up, perforations, like-on-like impingement 
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Abstract 

Spray impingement on cylinder wall and piston affects the fuel-air mixing and the subsequent combustion as well as 

emission in spark-ignition direct-injection engines. It reduces the engine cold start capability especially in cold regions. 

To characterize the behavior and droplet size of the impinging spray at ultra-low temperature conditions, Phase Doppler 

Interferometry (PDI) was implemented to obtain the spatial and temporal distributions of the velocity and droplet size. 

Temperature of as low as -30°C was achieved for both fuel and impingement plate in this experimental investigation. 

The formation and development of the impinging vortex of the spray structure is described qualitatively in both time 

domain and spatial domain by correlating the distribution of validated droplet counts and velocity component normal 

to the impingement plate. Statistical quantities of droplet size are calculated in the downstream region where only 

post-impingement droplets are present. Results show that the behavior of the vortex is similar at ultra-low temperature 

conditions. In addition, plate temperature has a weaker impact on the post-impingement droplet size when compared 

to the fuel temperature. 

 

Keywords: Spray impingement, behavior, drop size, PDI 
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Drop Size Distribution Effects In Intersecting Sprays

K. Dhivyaraja* , Sri Vallabha Deevi and Mahesh V. Panchagnula

Department of Applied Mechanics
Indian Institute of Technology Madras

Chennai 600036, India

Abstract
Intersecting sprays occur in a wide range of engineering applications. It is commonly assumed that the drop size distributions in
such sprays can be modeled by the principle of superposition. We herein test that proposition experimentally using Phase Doppler
Particle Anemometry (PDPA). Two spray nozzles are placed close to each other and PDPA measurements of droplet properties at
several locations in the intersecting region are obtained. Measurements from individual sprays, at the same location, are obtained
by turning on one spray at a time. Intersecting spray effect is tested by comparing the drop size probability density function (pdf )
from the intersecting spray with the pdf calculated from superposing the individual sprays at the same location. Measurements are
obtained for two different flows – a) dilute low Weber number spray from a nebulizer, b) dense high Weber number flow from a
simplex atomizer. These two experiments offer different conditions in the intersection region. In the simplex atomizer spray, large
number density leads to significant collision rates, which could alter the droplet size distribution.

Keywords: Intersecting Sprays, PDPA, Probability Density Function, Superposition
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Mixing field and penetration of impinging twin liquid jets injected obliquely against 
Supersonic air cross flow 
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and 
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Indian Institute of Technology Madras 
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Abstract 
The spray characteristics of a novel twin-jet liquid injector configuration with various combinations of forward (FA) 
and toe-in angles (TA) in a Mach 2 cross flow are studied. Four different injector configurations are considered with 
two orifice sizes of 0.8 mm diameter spaced 3 mm apart and varying (TA) and (FA) 0°- 30° from vertical in both the 
upstream and lateral directions. These injectors are assessed for their performance in terms of their mixing and 
penetration characterstics for different momentum flux ratios in the range 3-12. The Mie scattering technique is 
adopted to quantify the mixing field and penetration of the different configurations in a rectangular test section with 
full optical access. The degree of unmixedness (DU) is deduced from the liquid volume fraction fields obtained by 
Mie scattering at different cross-sections at and downstream of the injection plane. Together the variation of the DU 
and penetration along the flow up to 50 mm downstream from the injector indicate that the injector with FA and TA 
= 30° performs the best at lower momentum flux ratios (3, 6) whereas the one with FA = TA = 15 is superior at 
higher ratios (12). 

 
Keywords: Injector, Scramjet, Combustor, Degree of Unmixedness, Penetration, Mie scattering, Supersonic cross 
flow 
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Numerical Simulation of Atomization by the Oblique Collision of Two Newtonian Jets 

Navaneeth Krishnan *1, Rajagopal P S 2, Madhukar M Rao 2 and Akshai K Runchal 2  

1ACRi infotech Pvt.Ltd, AECS Layout, Kundalahalli, Bengaluru-560037, India 

2 CFDVRi, Mount View Complex, McLeod Ganj, Himachal Pradesh-176219, India 

Abstract 

In this study, unsteady incompressible two-phase flow is simulated using OpenFOAM’s InterFOAM 3D VOF solver.   

The interFOAM solver is applied to study the atomization phenomena by the oblique collision of two Newtonian jets 

for different sets of Reynolds numbers and Weber numbers. At very low Reynolds number and Weber number, the 

closed rim is formed due to low velocity and high surface tension. Thin sheets and droplets are formed for higher 
Reynolds number flows. Three sets of Weber numbers and Reynolds numbers are used for the simulation. Oblique 

collision of two Newtonian jets at high Reynolds number flows resulting the wavy nature followed by the ligament 

formation and droplet formation. The rate of atomization is directly proportional to impinging angle. The solver is 

validated with the classical 3D dam breaking problem and results are compared with the experimental results of Martin 

and Moyce (1952). Here two graphs are plotted for the validation and grid independency test. Non-dimensional height 

of remaining water column and non-dimensional surge position are plotted against non-dimensional time for valida-

tion and grid independency test. The details of the validation problem and application are given in the paper. 

Keywords: OpenFOAM, Multiphase flow, VOF, Dam Breaking, Atomization 
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Abstract 

In this study, moving interface boundary in a three- dimensional unsteady incompressible two phase flow is simulated 

using finite element method. The governing incompressible Navier-Stokes equations are discretized using Taylor-

Galerkin method which provides a natural up winding term. An Eulerian velocity correction method is used to achieve 

mass conservation and the resulting Pressure-Poisson equation is solved using a conjugate gradient method in an 

element by element manner. A modified volume of fluid method is used to track the moving interface and the Con-

tinuum Surface Force model is used to incorporate the surface tension. A transformation function of volume fraction 

is solved to minimize the diffusion at the interface. The code is validated with dam breaking problem and excellent 

results for non-dimensional height position and non-dimensional time are achieved. The 3D solver is applied to the 

simulation of atomization by two impinging jets. Numerical simulation is carried out on two impinging jets with three 

set of Weber and Reynolds number for Newtonian as well as non-Newtonian fluids. In non-Newtonian fluids viscosity 

varies due to stress and viscosity is incorporated using power-law constitutive equation. Gels are used as non-Newto-

nian fluids. In this paper aluminized kerosene gel is used. Breakup characteristics and sheet formation of Newtonian 

and non-Newtonian fluid are discussed.  

Keywords: multi-phase flow, non-Newtonian fluids, Newtonian fluids, atomization, breakup characteristics, surface 

tension.  
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A Spray Structure Model of Liquid Jet being injected into Supersonic Gaseous Cross-

flow 

Qinglian Li*1,2
, Liyin Wu

3
, Chun Li
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, Yeming Zeng

4 

 

(1. Science and Technology on Scramjet Laboratory, National University of Defense Technology, 

Changsha 410073, China 

2. College of Aerospace Science and Engineering, National University of Defense Technology, Chang-

sha 410073, China 

3. Hyper velocity Aerodynamic Institute, China Aerodynamics Research and Development Center, 

Mianyang, China 
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Abstract 

Phase Doppler Anemometry (PDA) and Pulsed Laser Background Imaging methodology were applied in the study 

of the atomization process of round liquid jet of 1mm diameter being injected into supersonic gaseous crossflow 

with Mach number of 2.1. Plentiful results were gained and it showed that surface waves appeared clearly leading to 

the breakup of the jet and atomization process developed quickly and intensively. Based on the experimental results, 

the paper presented a structure model to describe the physical process of atomization and the spray distribution. The 

whole spray was distinguished into three adjacent regions with noticeable features along the gaseous streamwise: 

continuous jet region, quick atomization region and uniform spray region. The jet breakup position was decided 

quantitatively from a series of high-resolution spray images, which indicated the finish of 1
st
 region. Droplets size 

data being gained by PDA were applied to infer the position where the secondary atomization was accomplished, 

and it is the end point of the 2
nd

 region. In the 3
rd

 region, the Sauter Mean Diameters vary slightly streamwise alt-

hough there are still the processes of a few large droplets’ breakup and small droplets’ coalescence. The spray in the 

quick atomization region could be divided into three layers along the injection direction: thin spray layer with large 

droplets, thin spray layer with small droplets, dense spray layer with large droplets. 

 

Keywords: supersonic crossflow, liquid jet, surface wave, spray proportion, boundary band, PDA, pulsed laser 

background imaging, spray structure. 
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Investigations on Droplet Sizes of Liquid Jet Atomization in Supersonic Crossflow 
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2College of Aerospace Science and Engineering, National University of Defense Technology, Changsha 
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Abstract 
Particle Dynamics Analysis (PDA) technique was used to investigate the droplet sizes of liquid fuel atomization in 
Ma2.1 supersonic crossflow. The distribution characteristics of droplet diameters in different spray locations and the 
change of droplet sizes along gas flow direction were studied. Influence of large droplets to Sauter Mean Diameter 
(SMD) was analyzed under the condition of limited PDA sampling. The probability threshold method was 
introduced based on cumulative probability of droplets. A deep analysis was carried out on the distributions of SMD 
along gas flow and longitudinal direction of the spray.  
 
Keywords: PDA, supersonic crossflow, probability threshold method 
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Experimental study on cavity influence on liquid jet-penetration in supersonic crossflow 
 

Chenyang LI 1,2，Qinglian LI 1,2 *, Chun LI 1,2 and Liyin WU 1,2 
1. College of Aerospace Science and Engineering 

National University of Defense Technology 

Changsha 410073 , China; 
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National University of Defense Technology 

Changsha 410073, China 
 

Abstract 
The incorporation of cavities in supersonic combustion chambers is an effective mean of slowing down the flow for 
fuel injection and hold stable combustion. To understand the spray characteristics in supersonic crossflow, especial-
ly for the liquid fuel injection, is essential to the optimum design of supersonic propulsion mechanisms. An experi-
mental investigation on the penetration of cavity upstream liquid injection was conducted with high-speed photog-
raphy. Injection parameters contained momentum flux ratios and jet positions. The injection driven pressure was 
adjusted to change the jet-to-freestream momentum flux ratio. The effect of jet positions, classified as 5 distances of 
the orifice to the cavity front edge, was studied experimentally. For comparing and analyzing the influence of the 
cavity, flat-plate injection was also investigated by replacing the cavity module. Results indicate that for the liquid 
injection with a cavity, the penetration was consistent with plate jet penetration in the near-field. The cavity jet pene-
tration decreased at the front edge because of the mass exchange between the cavity and the main flow field. Jet 
penetration increased at the outlet of the cavity due to the shear layer impinging the cavity trailing edge, producing a 
high pressure field. The penetration decreased to the lowest level at the cavity front edge when the jet position is 
3D(where D is the cavity depth). 
 
Keywords: cavity ; supersonic crossflow ; liquid jet ; penetration 
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 Investigation on forward injection of impinging liquid jets in supersonic cross flow 
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Abstract 
The effects of forward and toe-in angles of twin impinging jets in Mach 2 air cross flow on vertical and upstream 
penetration and the shock structure are studied. The injector has twin orifices of 0.7 mm diameter with lateral spac-
ing of 3 mm. The forward angle is varied as 30o, 45o and 60o with respect to vertical. Two toe-in angles of 45o and 
60o are investigated. Using water as injectant, the jet to air momentum flux ratio (J) is varied as 1.8-6.4. Schlieren 
imaging at 1000 fps is performed to examine the flow field. The images are processed to obtain the plume trajectory 
and penetration. Higher J increases the maximum vertical and upstream penetration for a particular injector. Increase 
in the forward angle increases the upstream penetration with penalty of reduction in the vertical penetration. Consid-
erable reduction in vertical penetration is observed when the toe-in angle is increased from 45o to 60o for the same 
forward angle. The toe-in angle has minimal effect on the upstream penetration of the plume but has considerable 
effect on the shape of the upstream plume trajectory.  
 
Keywords: Supersonic combustion, impinging jet, jet in supersonic cross flow, forward angle, Toe-in angle. 
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Analysis in Unsteady Evaporating Gasoline Spray with LIEF Method 

 

Masahiro Matsuura*, Vikas Semwal, Shingo Murakami, 

Eriko Matsumura, and Jiro Senda 

Department of Mechanical Engineering 

Doshisha University 

Kyoto, 610-0321, Japan 

 
Abstract 

These days, direct injection system is adopted in not only diesel engine but also gasoline engine to improve its thermal 

efficiency. Direct-injection (DI) gasoline engine has higher thermal efficiency than conventional port-fuel injection 

(PFI) gasoline engine. However, it is more difficult to make the fuel-air mixtures in a short time and it affect combus-

tion characteristics strongly. Therefore, for further improvement in DI gasoline engine, it is necessary to understand 

the spray, the mixture formation process and the evaporation process. The purpose of this paper is to characterize 

gasoline direct injection spray. The Laser-Induced Exciplex Fluorescence (LIEF) method is diagnostic method which 

can clarify the liquid and vapor phase simultaneously separating fluorescence signals from liquid and vapor phases of 

spray. When the fuel doped two tracers is injected from nozzle, monomer and Exciplex emit different wave length 

fluorescence. In this research iso-octane is used as fuel, and Fluorobenzene and Triethylamine (TEA) are chosen as 

dopant. In order not to change the property of the fuel, an attention is paid to the proportion of the dopant. Our research 

use gasoline direct injection multi hole nozzle in high pressure and high temperature field. Using injection pressure 

and photograph timing as the parameters, spray atomization was observed and analyzed. As injection pressure increase, 

atomization is improved and spray tip penetration is decreased. It is observed that vapor luminance increases instead 

of liquid luminance decrease spatiotemporally as photograph timing is late. 

 

Keywords: Laser-Induced exciplex fluorescence, D.I.S.I. engine, gasoline, Spray  
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Abstract 

In direct injection gasoline engines, the spray structure has dominant effect on the ignition and combustion processes. 

In this study, the authors conducted analysis of non-evaporative spray features injected from multi-hole nozzle for 

direct injection gasoline engine by experiment and numerical simulation using the commercial CFD code. Here, in 

the experiment the spray features were grasped with Super High Spatial Resolution Photography (SHSRP), which 

was originally developed by the author’s group. Further, the authors used the Kelvin-Helmholtz and Rayleigh-

Taylor (KH-RT) model, which is a breakup model to be used in the analysis of diesel spray and the Modified Taylor 

Analogy Breakup (MTAB) model that describes the breakup at low fuel injection pressure proposed in this study in 

numerical calculation. And, it was verified for the applicable limit of the breakup model to the direct injection 

gasoline spray by comparing the results of experiment and numerical calculation. As a result, spray tip penetration 

and droplet diameter are in good agreement with experimental results in more than ΔPinj=8MPa. But it is difficult to 

apply the MTAB model in ΔPinj=4MPa. 

 

Keywords: Gasoline Spray, Numerical calculation, Breakup model 
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 Spark-Ignited Combustion Characteristics of Gasoline Spray Injected by Hole-Type Nozzle 

for Direct Injection Engine 
 

Keiichi Katayama a, Gnanasekaran KishorKumara, Hongliang Luoa, Keiya Nishidaa,*, Yoichi Ogataa 
a Department of Mechanical System Engineering, University of Hiroshima, Higashi-Hiroshima, 

739-8527, Japan 
 
 

Abstract 
An experimental study was carried out to investigate the effects of ignition and impinging strategy on spray and 
combustion characteristics in a spray guided direct injection spark ignition (DISI) engine under stratified operations. 
Different impinging and ignition strategies, which included impinging angle, ignition position and ignition timing 
were applied. Combustion in a stratified DISI engine was found to have both lean premixed and mixing controlled 
flame characteristics. The stratified mixture characteristic for the ignition timing was verified as a dominant factor of 
the flame characteristics. High speed shadowgraph images were used to identify the ignition robustness and the 
inter-action of spray with spark discharge. Two-color Pyrometry method was implemented to examine the 
combustion characteristic on soot concentration by varying the impinging and ignition parameters. The results show 
that the spray tip penetration after the spray has impinged on the flat wall surface become significantly better at 
acute impinging angle than at perpendicular impinging angle. The impingement spray flame duration lasted much 
longer when com-pared to the free spray. In addition, effects of ignition conditions on combustion characteristics 
against the wall were also investigated. These investigations are favorable in further understanding the impinging 
spray and combustion characteristics of DISI engines  
 
Keywords: Free spray, Wall-impingement-spray, Combustion, Direct injection gasoline engine 
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Air Entrainment of High Pressure Methane Gas and Effects of Nozzle Diameter 

and Injection Pressure 
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Abstract 

The air entrainment process of a high-density gas jet was investigated through PIV measurements of the ambient air 

motion around a gas jet in a constant volume chamber for visualization. The gas jet penetration process was simulta-

neously photographed by a shadowgram technique. Pure methane was selected as reference fuel gas and its injection 

pressure was controlled around 30 MPa as a typical value in gas direct injection (GI) engines, but the ambient air 

pressure was set at 3.0 MPa much lower than the GI engines’ compression pressure usually exceeding 10 MPa. 

Moreover, the ambient air was kept cold at room temperature. Additional measurements of a gas oil spray were done 

to capture essential difference between the gas jet and the liquid spray under the same ambient conditions and with 

the same injection momentum. At first, PIV measurements revealed that the gas jets induced more furious air motion 

than the liquid spray especially around the jet tip, where the jet seemed to have clear spherical distribution of veloci-

ty vectors. Resulting backward air flow behind the jet tip collided with forward air flow surrounding the jet body 

and seemed to cause strong air entrainment. Second, in place of the so-called breakup length in liquid sprays, the gas 

jet started with a shock train structure as an underexpansion flow, and no entrainment occurred into the structure. 

After the shock train, the jet tip penetration showed similar behaviors with the spray tip of the reference gas oil. At 

last, the jet tip penetration was found to have reasonable agreement with prediction results on a classic momentum 

theory. So, the differential pressure instead of the pressure ration between the gas injection pressure and the ambient 

pressure would be better to characterize the high density gas jet. 

 

Keywords: Gas jet, Air entrainment, PIV measurement, momentum theory 
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Schlieren, Shadowgraph, Mie-scattering visualization of diesel and gasoline sprays in high 
pressure/high temperature chamber under GDCI engine low load condition 
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Republic of Korea 
 

Abstract 
Three visualization methods, Schlieren, Shadowgraph, and Mie-scattering, were applied to compare diesel and gaso-
line spray structures. Fuels were injected into a high pressure/high temperature chamber under the same in-cylinder 
pressure and temperature condition of low load in a gasoline direct injection compression ignition (GDCI) engine. 
Two injection pressures (40 and 80 MPa), two ambient pressures (4.2 and 1.7 MPa), and two ambient temperatures 
(908 and 677 K) were use. The images from the different methods were overlapped to show liquid and vapor phases 
more clearly. Vapor developments of the two fuels were similar; however, different liquid developments were seen. 
At the same injection pressure and ambient temperature, gasoline liquid propagated quickly and evaporated rapidly 
than diesel liquid phase. At the low ambient temperature and pressure condition, gasoline and diesel sprays with 
higher injection pressures showed longer liquid lengths due to higher spray momentum. At the higher ambient tem-
perature condition, the gasoline liquid length was shorter for the higher injection pressure. Higher volatility of gaso-
line is the main reason for this shorter liquid length under higher injection pressure and higher ambient temperature 
conditions. In contrast to diesel spray under higher injection pressure for lower particulate matter (PM) emissions, 
gasoline spray under higher injection pressure leads to unstable combustion due to excessively lean mixture for-
mation. 
 
Keywords: Spray, gasoline, diesel, Mie-scattering, Shadowgraph,Schlieren 
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Experimental study on the effect of swirl chamber geometry 
on the dynamic characteristics of closed-type swirl injector 

 
Y. J. Chung, S.K. Jeong, and Y. Yoon* 
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Seoul National University  

Seoul, 151-472, Korea 
 

Abstract 
 Injector is one of the key component in liquid rocket engines especially when suppressing the combustion instability. 
Dynamic characteristics of the injector should be investigated in order to establish criteria for injector modification. 
The liquid film thickness was selected as the primary output parameter since it is closely related with the mass flow 
rate of the swirl injector. closed-type swirl injectors have been widely used in liquid rocket engines. In this study, 
dynamic characteristics of the closed-type swirl injector with varying geometries were investigated through experi-
ments. Influences of diameter of the swirl chamber, length of the swirl chamber, converging angle between the swirl 
chamber were analyzed. As a result, peak frequencies were found which varies by the swirl chamber geometry of the 
closed-type swirl injector. 
 
Keywords: Closed-type Swirl Injector, Liquid Film Thickness, Dynamic Characteristics, Swirl Chamber, Orifice 
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 Breakup dynamics of liquid sheet in coaxial swirling gas flow field    
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Abstract 

In this paper, the near field breakup and atomization of the liquid sheet in the co-annular swirling gas flow field is 
presented. High-speed speed shadowgraphy is employed to characterize the global features and breakup dynamics of 
liquid sheet across a wide range of airflow rates. The parameter momentum ratio (MR) is used to illustrate the results. 
Breakup regimes are constructed based on the instantaneous visualization of the liquid sheet. At high airflow rates, 
the breakup process is shown to be a function of gas phase dominant. Theoretical expressions have been proposed for 
breakup length scales, the results show good agreement with experimental values (beyond critical MR values).
 
 
 
Keywords: coaxial atomization, swirl flows, high-speed imaging, near field breakup.  
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A study on the flow characteristics of bi-swirl injectors for a thrust chamber  
 

W. Yoon, B. Lee, and K. Ahn* 
School of Mechanical Engineering 
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Abstract 

The bi-swirl injector, which is combined by two single swirl injectors, is a special injector for a liquid rocket engine. 
The spray characteristics of a swirl injector is very important due to the combustion efficiency and stable operation of 
a rocket engine. In this study, the bi-swirl coaxial injector, which has different recess lengths and swirl direction, was 
designed and manufactured. The discharge coefficients of the bi-swirl coaxial injectors were investigated according 
to the injection mode (single injection and bi-injection), different recess length, and swirl direction. From the experi-
mental data, it was found that the discharge coefficient was almost constant independent of the pressure drop in single-
injection. However, the discharge coefficient of the outer swirl injector in bi-injection decreased up to 10% as the 
mixture ratio increased under tip mixing and internal mixing. Due to the collision of the inner flow on the outer flow 
in bi-injection, a portion of the momentum from the inner flow was thought to block the outer flow to discharge 
through the outer injector. The swirl flow direction did not significantly affect the discharge coefficient in both single-
injection and bi-injection. 
 
Keywords: Discharge coefficient, thrust chamber, swirl coaxial injector, recess length, co-swirl, counter-swirl 
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Spray Dynamics in a Swirling Jet Air-blast Atomizer 
 

Srihari Dinesh Kumar Juvva, S. Mariappan, and A. Kushari∗ 
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Indian Institute of Technology Kanpur 

Kanpur 208016, India 
 
 

Abstract 
In this study, some features of the spray generated by a swirling jet air-blast atomizer, investigated in an atmospheric 
test rig, are reported. In this atomizer, liquid was supplied through radial holes drilled into the hub of the atomizer. 
The liquid then encounters the swirling airflow in an annular passage. The swirling was created by supplying the air 
through tangential ports into the annular passage. Liquid and air jets interact to form atomized liquid droplets. The 
features of the ensuing spray were studied using high-speed laser shadowgraph and laser Mie scattering. The images 
were correlated with the measured droplet size and velocity data, 38 mm downstream of the atomizer exit, using a 
PDPA system. The spray images showed a transition from a hollow cone spray to a partially solid cone spray as the 
ALR (air-liquid ratio) was increased. At an ALR of 1.5, the centre region of the spray had negative velocity suggest-
ing the droplets were moving towards the centre of the spray. This can be attributed to the presence of a strong vor-
tex core in that region. This resulted in increased shear induced atomization, which leads to the conversion from 
hollow to solid cone spray. Furthermore, tracking of the spray path in the high speed images show that at lower 
ALR’s the spray follows a helical path, which becomes much steeper at increased ALR, suggesting the formation of 
the central vortex core.  
 
Keywords: Spray, atomization, measurement, drop size, drop velocity, imaging diagnostics 
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 Prediction of windward trajectory of liquid jet in cross flow using image processing 
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Abstract 

The main objective of the present experimental work is to predict the windward trajectory of liquid jet injected into 

cross flow air stream. Ten different test conditions are simulated to cover wide range of Weber number (100 – 400) 

and momentum flux ratios (25 – 300). Air is passed through rectangular duct with cross section of 200x120 mm and 

Jet-A liquid fuel is injected crosswise from 0.5 mm circular orifice. The fuel pipe was located at a distance of 25mm 

from bottom surface of test section to avoid the influence of boundary layer.  Pulsed arc light with 750ns exposure 

and slit dimension of 1 mm is used as light source. The shadowgraph set up with  bending mirror is used at the light 

source and imaging end. A labview program in NI based instrumentation system is developed to monitor and 

maintain constant operating conditions of liquid and air medium.  Closed loop feedback system is developed to 

maintain constant Weber number and momentum flux ratios for longer duration of experiments. To process 

shadowgraph images and predict windward trajectory of liquid jet, a Matlab program has been developed using 

image processing technique.  Several instantaneous images are processed and average windward trajectory is 

predicted for each condition of Weber number and momentum flux ratio. With increase in momentum flux ratios, 

the breakup mode shift from column to mixed breakup mode. With increase in Weber number the breakup mode 

shift from column to shear breakup mode.  At smaller momentum flux ratios, with increase in Weber number the 

overall penetration of windward trajectory decreases. But at higher momentum flux ratios, with increase in Weber 

number the overall penetration of windward trajectory does not changes. Two different correlations in the form of 

power law are developed for windward trajectory of liquid jet according to range of momentum flux ratios. Better 

matching between developed correlation and experimental data is observed.     

 

Keywords: Liquid jet in cross flow, shadowgraph technique, image processing technique 
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Abstract 

Droplet size measurement finds important applications in engine industry and agriculture studies among others. An 

algorithm is being developed to determine the particle size in Particle/Droplet Image Analysis. Binary image is first 

formed using a threshold value to detect the particles and to trace the boundary of each of the particles. Detection of 

optimum number is important to increase the processing speed and decrease unnecessary selection, without neglect-

ing any particles. An appropriate method is incorporated to achieve this by calculating optimum threshold level for 

initial detection. For each droplet, image intensity profile along the diameter is used to calculate two relative lumi-

nance values (considering luminance of perfect white as 1) at different percentages of the difference between the 

maximum and minimum intensities. The dependence of halo area at the edge of the droplet is studied for different 

defocus distances and different thresholds. The algorithm calculates two values of equivalent diameters at two 

threshold levels. The average of these two values is considered the final equivalent diameter. The use of two thresh-

old levels minimizes the error, mainly for objects with more defocus. The accuracy of this technique is verified us-

ing calibration plate images comprising of particles ranging from 10 to 200 microns. The defocus distance range 

studied in this work is in the range of -320 to 320 microns. The results when compared with actual sizes show high 

accuracy, around 90% for 10 and 20 micron droplet. The accuracy is more for bigger particles, around 98% for 100 

and 200 micron particles. Suitable user dependent factor is introduced for rejection or acceptance of defocused drop-

lets. The algorithm also performs well for very dense sprays and can detect majority of the particles present. The 

droplet distribution obtained for a dense spray image confirms the robustness and accuracy of the algorithm.  

 

Keywords: Droplet size, threshold level, defocus, optimum ratio, intensity profile, equivalent diameter 
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Abstract 
The present work concerns the unstable behaviour of a circular liquid sheet produced by impingement of a water jet 
against a cone-disc deflector. The objective is to deduce the radial growth rate of the liquid sheet and identify critical 
conditions of the instability wave for sheet breakup. The liquid sheet is imaged by time-resolved planar laser in-
duced fluorescence. Proper orthogonal decomposition (POD) of the spatial fields indicates ~75% of the energy con-
tent to be in the first few modes. Temporal POD indicates the prevalence of 13, 33, and 60 Hz recurring dominantly 
in these modes. Time windows of image frames are chosen to confirm these frequencies and the growth rate of dif-
ferent features of the waves by dynamic mode decomposition (DMD). The results reveal that the upward lift of the 
entire liquid sheet occurs at 13 Hz. The convective velocity of the liquid sheet increases radially outward due to 
sheet thinning, which causes faster spatial and temporal growth of the radial wave at a frequency of 33 Hz, as ob-
served from instantaneous images. Finally, the sheet is observed to break up at a frequency of 60 Hz, as revealed by 
the DMD of the chosen time window of frames.  
 
Keywords: Liquid sheet, POD, DMD, PLIF 
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Abstract 

The Particle/Droplet Image Analysis (PDIA) method is often used to find droplet sizes in sprays using backlit imag-

es of droplets acquired at high magnification provided by long distance microscopes. Since the field of view at high 

magnifications is small, several hundred or thousand images are often processed to obtain statistically significant 

results. Hence, the time for processing each image is an important parameter. In the present work, an open source 

code was developed for processing droplet images. The dual and multiple thresholding methodologies of PDIA were 

implemented in a C++ program and optimized using the open-source routines in the OpenCV Libraries. The pro-

gram is provided with a graphical user interface using the open source platform Qt, and supports image processing 

capabilities such as noise filtering and reference image calculation, and file processing capabilities such as directory 

management and batch processing. Using images of filled circles with known radii and focal distance deviation, 

calibration curves were plotted to determine the degree of defocus of an image. The accuracy of the program was 

evaluated by sizing droplets from a mono-disperse droplet generator, and the program was observed to be both fast 

and accurate. 

 

Keywords: Droplet sizing, depth-of-field, degree-of-defocus, threshold, particle/droplet image analysis, atomiza-

tion, imaging diagnostics 
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Large Eddy Simulation of Particle Laden Flows
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Abstract
Large Eddy Simulations of particle laden flows at moderate Stokes number are carried out. Gas phase is computed using Explicit
Filtering Large Eddy Simulation, which employs filtering of conserved quantities using a higher order compact filter as the sub-grid-
scale (SGS) model. Particles are treated as point masses and are tracked using a Lagrangian approach. Two way coupling is used
to handle interactions between the continuous phase and dispersed phase. Particle modeling is intentionally kept simple without
accounting for the effect of carrier phase SGS fluctuations or inter particle collisions, to asses the ability of LES method, and quantify
the effect of SGS modeling on particle behavior. Simulation of a recent experiment of particle laden jets at high mass loading of
40% showed close quantitative agreement of self similar behavior for both phases. Centerline decay of continuous phase velocity
as well as particle concentration showed excellent match with experimental measurements. Further studies revealed that parti-
cle behavior is strongly affected by particle size, and SGS modeling for lateral migration becomes important as particle size decreases.

Keywords: particle laden flow, Large Eddy Simulation, Stokes number, SGS model, explicit filtering method
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Abstract
Liquid jets in cross flow find wide applications in engineering fields, especially in the aerospace domain – combustors of gas
turbine engines. The current study involves Volume-Of-Fluid based numerical simulations of a liquid jet injected into gas-crossflow
in swirling motion. The liquid is injected radially outwards from a central tube to a confined annular space with gas crossflow.
Simulations are conducted at high liquid-to-gas density ratio (Dr) of 180:1 and different liquid-to-gas momentum ratios (Q) upto
25. The Swirl Number (SN) of the gas crossflow is varied between 0 and 0.84. The liquid jet undergoes column and shear modes
of breakup as observed in experimental studies. Spray characteristics such as drop size distribution, velocity of the drops, shape
factor and column breakup length are analysed. Simulations effectively capture the influence of swirl flow on the spray characteristics.

Keywords: Atomization and Sprays, Volume of Fluid, Liquid Jet in Cross Flow, Shape factor, Drop size & velocity, Column breakup
length
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Abstract 

Spray atomization, involving a complex gas-liquid flow near the nozzle as well as droplet breakup, fuel evaporation 

and fuel vapor-air mixing, is of utmost importance in determining the combustion efficiency and emission produc-

tion in internal combustion engines and gas turbine combustors. Being a very important part of this, primary atomi-

zation is also analyzed in studies of propulsion, power and many other process applications. Computational Fluid 

Dynamics (CFD) has become one of the most important tools for both understanding spray development and im-

proving spray characteristics. However, complex interactions between the physical phenomena involved still make it 

a challenge to be modeled. 

 

This paper presents an overview of some of the common approaches for modeling sprays, namely the full Lagrangi-
an approach, the phenomenological approach of the Ω-Y model (a variant of the Σ-Y model) and the more expensive 

hybrid approach using VOF-Lagrangian coupling. Simulation results obtained using ANSYS Fluent version R17.0 

are presented pertaining to the Ω-Y model and the VOF-Lagrangian hybrid model, and their pros and cons are dis-

cussed in detail. While none of the models has a clear advantage over other models in all respects, the approach us-

ing the Σ-Y model seems to strike some balance between complexity and accuracy for industrial applications. On the 

other hand, with overhead on computational requirement, VOF-Lagrangian approach can be used to  get a more de-

tailed simulation of the phase interface dynamics enabling accurate visualization of spray structure and spray charac-

teristics. 

Keywords: Spray, non-evaporating, primary atomization, drop size, CFD, Σ-Y, Ω-Y, VOF, interface tracking, 

DPM, Lagrangian tracking 
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Simulating mechanical fuel injection system to improve its capabilities
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Abstract

This paper presents the simulation work carried out, on a mechanical fuel injection system, applicable for a single cylinder diesel
engine. Developing countries are catching up with stringent emission norms, and the automobile industry is handling the challenges
using more electronics. In this process, the conventional fuel injection systems are being phased out, owing to their limitations in the
control of injection quantity, pressure and timing. Indian automobile industry is generally cost driven, and the three wheeler segment
is more specific about the cost. Close to one million three-wheelers are produced in India annually, and they are largely powered by
single cylinder diesel engines, using mechanical unit pumps and injectors. To cater this cost driven market, it is important to explore
the possibilities of extending the usage of mechanical fuel injection systems, to meet stringent emissions, at increased injection
pressures. Therefore a 1-D hydraulic simulation is carried out in this research work, to optimize the performance of the fuel injection
system, in order to meet the engine requirements of the three wheeler segment. The simulation brings out the effect of different
parameters, of various components used in the fuel injection system on its delivery performance. The results of the fuel injection
system model built is appropriately validated with the experimental results.

Keywords: Fuel injection, mechanical injection system, unit pump, injection simulation
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Abstract 

Transport of a polydisperse polykinetic spray injected in a gaseous crossflow has been simulated taking into account 
the size and velocity distribution of the droplets in the spray by using Quadrature Method of Moments with a 
relaxation approach to address the correlation between droplet size and velocity. A spatio-temporal fluctuation has 
been imposed on a constant gaseous flow as a surrogate for thermoacoustic oscillations encountered in spray 
combustors. The results show significant size-based segregation and clustering of droplets in response to 
fluctuations in the gas flow. To reduce the effect of these oscillations on the variation of droplet mass density over 
the time period of oscillation, a case of pulsed injection has been considered, which can be used to control the 
variation to a certain extent.  
 
Keywords: Polydisperse sprays, method of moments, crossflow, control, fluctuations 
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Abstract 

Effervescent atomization has been a topic of interest in recent years for combustor application because of its 
superior qualities over other twin-fluid atomization techniques. The primary breakup in effervescent jets occurs 
because of rapidly expanding gas bubbles particularly at low gas-to-liquid ratios. This paper presents a reduced 
order model for predicting the breakup length in effervescent jets which is of practical interest to designers. In this 
novel approach, expansion of a gas bubble trapped inside the liquid jet is modeled by suitably modifying Rayleigh's 
equation that was originally derived for an expanding bubble in a vast pool of quiescent liquid. Order of magnitude 
analysis is used to predict influence of certain terms in the equation. This highly non-linear differential equation is 
solved numerically and temporal growth of bubble radius is obtained. The breakup event, termed as bubble bursting, 
is detected when the bubble radius exceeds that of a liquid jet. Flow visualization of near orifice spray is carried out 
to obtain the mean bubble bursting distance from the images. The values of breakup length predicted by the model 
are found to agree well with the mean values of experimental data. The comparisons carried out at different flow 
conditions are also included. 
 
Keywords: Effervescent atomization, breakup length, GLR 
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Abstract 
Spray-wall impingement characteristics, as well as the interaction between spray and a cross-flow have fundamental 
effects on the combustion process and exhaust emissions in a direct-injection (DI) gasoline engine. In order to 
investigate the cross-flow effect on characteristics of the impinged spray and near-field spray, an experimental study 
was conducted to analyze the microscopic behaviors of fuel spray under various cross-flow velocities and ambient 
pressures. The spray is generated by a valve covered orifice (VCO) injector. Macroscopic spray images were 
obtained by a high speed video camera. Using a high speed video camera combined with a long-distance 
microscope, the impingement region spray and near-field spray were measured. Results show that the spray tip 
penetration increases significantly when the cross-flow velocity is further increased. However, ambient pressure has 
a slight inhibition effect on the penetration. A moment of droplets velocity reversion is defined under cross-flow 
conditions. With the increase of cross-flow velocity and ambient pressure, the time of droplets velocity reversion is 
decreased. For near-field spray observation, droplets cloud stripping from main spray body have been observed at 
the start of injection (SOI) under cross-flow condition. Additionally, at the end of injection (EOI), increasing cross-
flow velocity tend to form tinier droplets. This reveals that the cross-flow is beneficial to the fuel spray breakup. 
 
Keywords: Fuel spray, cross-flow, wall-impingement, internal combustion engine 
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Abstract 
Recently, a diesel engine has been downsized due to improvement of fuel economy. Injection pressure of the diesel 
engine tends to increase due to promotion of fuel atomization. Therefore, the diesel spray impinges to a cavity wall 
in a combustion chamber of recent diesel engines. Moreover, heat loss from the engine occurred due to the heat 
transfer between the impingement spray and the cavity wall. Therefore, it is necessary to understand the impinge-
ment phenomenon of the diesel spray for improvement of the thermal efficiency. In order to understand the im-
pingement mechanism between the spray and the wall, velocity measurement of an impingement diesel spray was 
needed. Moreover, the heat transfer strongly depends on the flow characteristics of impingement spray. Velocity 
information of the impingement spray might provide heat transfer mechanism between the spray and the wall. In this 
study, velocity field of an impingement diesel spray was measured with time-resolved PIV. Effect of ambient gas 
density, injection pressure and impingement angle on flow characteristics of the impingement diesel spray was 
investigated. Moreover, velocity of the diesel spray just before impingement to the wall was measured in order to 
investigate dependence of the impinging spray velocity on the post-impingement spray velocity. As the result, aver-
aged radial peak velocities of the post-impingement diesel spray decreased with an increase of ambient gas density. 
Moreover, dependence of the impinging spray velocity on the averaged peak velocities of the post-impingement 
spray was clarified.  
 
Keywords: Impingement diesel spray, Ambient gas density, Injection pressure, Impingement angle, PIV 
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Abstract 

 
Reaction characteristics of partial oxidation of methanol (POM) over a Pt/Al2O3 catalyst are investigated, with em-
phasis on the POM performance enhanced by sprays. The influences of the O2-to-methanol molar ratio (the O2/C 
ratio), the catalyst bed with/without preheating, and the preheating temperature on POM are also examined. Com-
pared to liquid methanol dropped onto the catalyst bed, atomized methanol can be uniformly dispersed on the cata-
lyst bed when sprays are applied. Therefore, the POM performance is enhanced drastically by sprays. With increas-
ing the O2/C ratio, POM progressively evolves into methanol combustion, and methane formation inherently chang-
es from kinetically dominating mechanism to thermodynamically governing one. When sprays are practiced, the 
performance of POM under preheating is close to that under cold start, and an increase in preheating temperature 
intensifies the performance to a small extent. With the operation of sprays, the relative methanol conversion can be 
improved over 30%. Therefore, using sprays and cold start for POM over the Pt/Al2O3 catalyst is a feasible opera-
tion to produce syngas. 
 
Keywords: Partial oxidation of methanol (POM); Sprays; Pt/Al2O3 catalyst; Cold start and preheating; Hydrogen 
and syngas production. 
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Abstract 
In the fabrication of microspheres for medical application, monodispersed particle sizes are usually preferred as they 
give a more precisely controlled operation. Polycaprolactone and poly(lactic-co-glycolic acid) have obvious ad-
vantages over other polymers employed for biomedical applications due to their exceptional biocompatibility and 
biodegradability. This research program aims at the development of the medical device for the production of embo-
lization microsphere and various potential medical applications. Hence a new process called hybrid atomization by 
combining the techniques of acoustic excitation, electrostatic atomization scheme was developed to produce the 
mono-dispersed microsphere for medical applications. The goal of this research is to produce the mono-dispersed 
microsphere with diameters ranging from 50μm to 400μm to meet the required specifications of the medical applica-
tions. Results show that the particle size can be controlled by the applied voltage, flow rate, excitation frequency, 
and material conductivity. Results also show that the new developed system can be used to produce the mono-
dispersed microspheres in the size range between 60.82μm to 488.9μm of medical materials with high viscosity. 
These microspheres can be used to fulfill the requirements in various medical treatments. 
 
Keywords: embolization microsphere, monodispersed particle, hybrid atomization, acoustic excitation, electrostatic 
atomization, medical materials 
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Abstract 
Carbon black (CB), a carbon nanoparticle, is industrially produced via furnace black process in a highly controlled 
environment to obtain CB particles of varied structure and surface chemistry. It is used as an additive in diverse 
applications (tire, rubber, plastics, printing inks, paints, etc.) to enhance their mechanical, electrical or optical 
properties. In this process, carbon black feedstock (CBFS) is injected through atomizers to achieve optimum 
atomization and distribution of the droplets into highly turbulent gases at high temperature. The quality of 
atomization and droplet distribution significantly affect vaporization of droplets, subsequent gaseous pyrolysis and 
ultimately carbon black particle formation. The present work aims to study the atomization process through 
experimental characterization and numerical simulations of atomizers. Atomizers have been characterized for 
droplet size and velocities using high speed imaging technique. The measurements have been found to be in good 
agreement with the calculated values from correlations published in the literature. This data has been used as an 
input to CFD model which captures detailed gas phase pyrolysis chemistry with droplet breakup and evaporation. 
CFD simulations have been performed to study the effect of various atomizer parameters and process conditions on 
droplet penetration and residence time. The present study will help in developing a deeper understanding and 
subsequent optimization of the atomization process.  
 
Keywords: High speed imaging, Computational Fluid Dynamics (CFD), atomization, droplet breakup, evaporation, 
penetration, carbon black process 
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Abstract 

In this paper, the effects of argon atmosphere on the jet characteristics of high pressure gas with different densities 

were presented. The experiment was carried out in a constant volume vessel using high speed photograph with the 

schlieren photograph method. The jet development process and jet characteristics of the methane and the oxygen 

under different injection conditions in the argon atmosphere were analyzed. The results show that the jet penetra-

tion increases with the increase of injection pressure and decreases with the increase of the ambient pressure in the 

argon atmosphere. Under the same injection pressure and ambient pressure, the jet penetration of oxygen is greater 

than that of methane jet penetration, and the jet dispersion angle of oxygen is less than that of methane. The pene-

tration of methane in the argon atmosphere is less than that of methane in nitrogen and the jet dispersion of me-

thane in argon atmosphere is greater than that of methane in nitrogen. 

 

keywords Jet Characteristics, Argon, Methane, Oxygen, High pressure injection
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Abstract 
The two protocols on environment, i.e., Montreal Protocol and Kyoto Protocol have restricted the use of halons for 
fire suppression applications due to their adverse impact on the ozone layer. Water mist based systems have 
emerged as a viable alternative to replace halons for firefighting. This paper reports the use of water mist for the 
suppression of obstructed fires that cannot be extinguished by a conventional sprinkle system. Due to their small 
size, the droplets in the mist could be convected to the fire as they get entrained in the air stream around the fire and 
successfully suppressed the fire, without direct impact, at a reasonably short period of time. A twin-fluid mist 
generator was developed and used for this purpose. The effect of the atomizing gas on the efficacy of the fire 
suppression system was experimentally established that showed that the use of an inert gas like nitrogen for 
atomizing water is more efficient in the suppression of fire. 
 
Keywords: Fire suppression, obstructed fire, water mist, effect of atomizing gas 
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Abstract 
Carbon dioxide (CO2) snow jets are widely used in medical and industrial applications, such as cryogenic therapy, 
food processing, pharmaceutical granulation, particle removal and surface cleaning. In semiconductor fabrication, 
CO2 snow cleaning has unique organic and particle removal abilities with eco-friendly that are better than those of 
traditional surface cleaning methods. This paper experimentally investigates the side-tube effect on agglomeration of 
CO2 snow inside a tube. By using the additive manufacturing method by 3D printer, complicated design with con-
verging-diverging configuration and curved surface can easily be realized. Results show that a complicated particle 
motion in the upper portion of the tube is responsible for the formation of large snow. With the side-tube, a second 
recirculation occurs. It may improve or decrease the effect of agglomeration according to the setting position of 
side-tube. In this research, the snow size can be increase by 176%, and a maximum snow transformation rate of 
31.9% has been achieved in this paper, which is 47% improvement compare with the case without side-tube (21.8%). 
 
 
 
Keywords: Spray, particle size, CO2 snow, agglomeration, recirculation, side-tube 
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Characteristics of zirconia-ethanol suspension spray with thin coaxial twin-fluid atomizer 

for suspension plasma spraying 

 

Norihiko IKI *, Masato SUZUKI, Mohammed SHAHIEN and Takashi OKADA 

Energy Conservation Research Institute,  

National Institute of Advanced Industrial Science and Technology (AIST) 

Ibaraki 3058564, Japan 

 
Abstract 

Thermal barrier coating (TBC) is necessary to increase turbine inlet temperature of a high efficient gas turbine for a 

power station. Suspension plasma spraying is expected to have higher flexibility in particle size of processed material 

than conventional plasma spraying. Therefore microstructural feature of coating can be varied by the parameters of 

suspension plasma spraying, such as molten droplets of ceramic material. AIST is trying to develop an axial feeding 

type of suspension plasma gun with thin coaxial twin-fluid atomizer. Atomization of ethanol suspension of solid par-

ticles is one of the important factors controlling the coating quality. Therefore the spray of zirconia-ethanol suspension 

from the thin coaxial twin fluid atomizer with new p-torch was investigated comparing with ethanol spray, zirconia-

water spray and water spray. Sauter mean diameter of the zirconia aggregates derived from zirconia-ethanol 

suspension are smller  and more stable than those of zirconia-water suspension. Sauter mean diameter of zirconia 

aggregates are mainly affected by the mass flow rate of the atomizing air and the mass flow rate of the suspension 

than zirconia concentration. Sauter mean diameter of the zirconia aggregates derived from zirconia-ethanol spray is 

smaller than those of zirconia-water spray. Sauter mean diameter of the zirconia aggregates derived from zirconia-

ethanol spray can be controlled in the range of 1 to 3 microns by changing the mass flow rate of the suspension, the 

zirconia concentration and the mass flow rate of the amizing air 

 

Keywords: Twin Fluid Atomization, Suspension Plasma Spraying, Liquid Jet, Sauter Mean Diameter, Slurry, Ethanol, 

Water 
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Effect of Acoustic excitation on the Spray Characteristics of a Hollow Cone Spray 
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Abstract 

The paper reports an experimental investigation on the effect of external excitation on hollow cone spray from a 

pressure-swirl nozzle. The hollow cone spray is subjected to external excitation at different frequencies with ampli-

tude kept constant. High speed images acquired are processed to extract macroscopic spray parameters like spray 

cone angle, spray breakup length and spray sheet width. The investigation reveals that acoustic excitation alters the 

spray structure by reducing the cone angle. The phase averaged spray cone angle fluctuates for different phase angle 

within an acoustic cycle. The cone angle fluctuation decreases with increasing excitation frequencies. The spray 

boundary responds to the acoustic excitation by oscillating at the frequency of excitation. The acoustic excitation at 

different frequencies reduces the breakup length.  The sheet oscillation amplitude decreases for higher excitation 

frequencies. It is shown that the spray responds more readily to excitation at low frequencies. 

 

 

Keywords: Hollow cone Spray, high speed shadowgraphy, acoustic excitation, spray characteristics 
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Electrostatic Application to Ethanol Based Fuel Injected through Multiple Nozzles 

 

J. C. González Palencia, Y. Watanabe, A. Onozato, M. Araki, S. Shiga* 

Division of Mechanical Science and Technology 

Gunma University 

Gunma 376-8515, Japan 

 
 Abstract 

Ethanol spray formation using electrostatic atomization is studied. In the experimental set-up used, ethanol flows 

between a nozzle and a ring with flow rates between 0.5 and 3.3 ml/min; corresponding to the fuel flow rate range in 

a gasoline engine under starting condition. Atomization occurs due to the application of a high voltage difference 

between the nozzle and the ring. The effect of the number of nozzles was investigated considering two configura-

tions: single-nozzle and multiple-nozzle. Additionally, the effect of applied voltage and flow rate were studied. Ex-

periments were performed using denatured ethanol. Two copper ring electrodes were used, small ring, inner diame-

ter of 19 mm and outer diameter of 27 mm; and large ring, inner diameter of 65 mm and outer diameter of 73 mm. 

Droplet diameter was measured using a 1D PDA (Particle Dynamics Analysis) system. Results show that cone-jet 

mode atomization is realized for both single-nozzle and multiple-nozzle configurations. SMD (Sauter Mean Diame-

ter) was found to decrease with the increase in the applied voltage; though results are not conclusive due to the wide 

dispersion of the spray that makes difficult a reliable measurement. The smallest SMD found for the multiple-nozzle 

configuration was 6 μm; comparable to commercial nebulizers that operate based on ultrasonic vibration using mi-

cro-nozzle arrays. 

 

 

Keywords: Electrostatic atomization, multiple-nozzle, Sauter Mean Diameter (SMD), flow rate, ethanol 
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Experimental Investigation of Melt Delivery Tube Position on Metal Atomization 
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Abstract 

Metal atomization is the process of breaking up of a liquid metal jet into fine droplets. The molten metal is atomized 

by a  gas stream to create droplets which eventually solidify to form metal powder. Based on the interaction between 

the metal and gas, there are two types of nozzle arrangements viz. free-fall and close-coupled nozzles. The relative 

position between the melt delivery tube and the gas nozzle determines whether aspiration (suction) or pressurization 

(back pressure) takes place. In this study, dynamic pressure measurements are done at the tip of melt delivery tube at 

gas only trials for different positions and at different gas flow rates, to determine the type of nozzle arrangement.  

 

 

Keywords: Metal atomization, Nozzle, Melt delivery tube 
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Simulating Atomization in Complex Injector Geometries 
 

Marcus Herrmann 
School for Engineering of Matter, Transport and Energy 

Arizona State University 
 

Abstract 
Significant progress has been made in the past decade to predict atomization using detailed numerical simulations. 
Much of the early work in this area focused on atomization in simple geometries, for example liquid jets issuing 
from straight pipes into rectangular channels with and without cross flows, e.g., the atomization of liquid jets in 
cross flow, and the injection of liquids jets into stagnant environments typical for Diesel injectors.  However, in the 
past couple of years, simulations of realistic complex injectors have become viable, offering a path to study applica-
tion relevant geometries not only via experiments, but also via detailed simulations. 
In this presentation, different numerical techniques will be discussed to enable the predictive simulation of atomiza-
tion in complex geometries. These include conservative techniques to capture the motion of the phase interface, un-
structured meshing approaches to handle complex geometries, and approaches to tackle the vast range of scales pre-
sent in atomization processes, ranging from centimeter scales of the injector down to the sub-micron scale of the 
smallest drops. In addition to validation results for simpler injector geometries, simulation results for a realistic 
high-shear gas turbine injector consisting of multiple liquid jets injecting into a swirling cross flow will be presented 
and compared to available experimental data for the configuration. The results highlight the current capabilities to 
predict atomization in realistic configurations, but also show the need for continued improvement of the numerical 
techniques to simulate atomization. 
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Experimental Studies on Evaporating Sprays of Diesel & Jatropha Methyl Ester (JME) 
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Abstract 

In the present study, the spray structure of Jatropha methyl ester (JME) and diesel are compared under evaporating 
conditions. The evaporating spray characteristics are described in terms of liquid penetration, vapour penetration, 
liquid length and spread angle. A high-pressure chamber with optical access is used in the present study for spray 
characterization. The chamber is filled with nitrogen which is heated to reach a final pressure of 50-bar and a final 
temperature of 900-K. The spray characteristics are studying by injecting diesel through a custom-made single-hole 
nozzle into the high-pressure and high-temperature nitrogen gas. The shadowgraphy technique is used to record the 
liquid phase and vapour phase images which are then analyzed to obtain the spray characteristics. The results 
showed that the liquid length of JME is longer by 19%, 17% and 11% at injection pressures of 500, 1000 and 1500 
bar, respectively. At a given operating condition, the vapour penetration of JME and diesel are similar due to the 
same initial momentum of both the sprays. A diesel-ethanol emulsion (60% diesel, 20% ethanol) along with 20% 
JME is also studied in terms of its evaporating spray structure. It is observed that the liquid penetration and the va-
pour penetration of the blend match closely with that of diesel.  An analytical model for vapour penetration has been 
verified against the experimental data and found to match well with the data. A parametric variation of fuel density 
showed that the effect of fuel density variation is compensated by the corresponding variation in injection velocity 
for a given injection pressure. This resulted in a similar vapour penetration for all fuels at that condition, thus ex-
plaining the experimentally-observed trend. 
 
Keywords: Evaporating sprays, Biodiesel, Jatropha methyl ester (JME), diesel spray, Shadowgraphy. 
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Experimental analysis on the swirl spray formation under low injection pressure 
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Abstract 

Diesel Particulate Filter (DPF) is a very effective after-treatment device to limit particulate emissions from diesel 

engines. It is necessary to regenerate the DPF regularly. Injecting fuels into the exhaust line upstream of the Diesel 

Oxidation Catalyst (DOC), hydrocarbons are oxidized on the DOC, which increases the exhaust gas temperature 

at the DPF inlet, this results in regeneration of DPF. In burning the particulate matter efficiently, it is necessary 

that the fuel is completely vaporized and uniformly mixed with exhaust gas. However, the distance between the 

injector and the DOC is short. There is another problem that evaporation and dispersion of the spray deteriorates. 

Therefore, it is important to understand spray behavior in the tail pipe. This report focuses on free spray to 

understand its physical phenomena using sheet scattered light method and Super High Spatial Resolution 

Photography with swirl nozzle and n-dodecane. As a result, swirl spray is injected in a state with swirling force, 

liquid sheet grows to radial direction by centrifugal force, become a hollow cone shape. When liquid sheet spreads, 

inside of the spray became negative pressure. And flow field from the outside to the inside of the spray is formed, 

follow up spray is formed. As injection pressure increases, this follow up spray becomes bigger. Also liquid and 

ligament region in the condition that injection pressure is 1 MPa is bigger than 4 MPa. Moreover the ligament and 

hole occurs irregularly in the liquid sheet, and the liquid sheet breakup of the swirl spray has occurred in the center 

of the liquid sheet as well as the tip. Therefore, the breakup mechanism of swirl spray under low injection pressure 

is different from Fraser’s theories and break up is irregular due to the instability of the liquid sheet. 

 

Keywords: Swirl nozzle, Atomization, Experimental study 

 

 

 

 

 

 

 

 

 

 

 

 

 

*dup0556@mail4.doshisha.ac.jp  

139



ILASS-Asia 2016, 18th Annual Conference on Liquid Atomization and Spray Systems - Asia, Chennai, India  

 Spray Characteristics of High Rotating Speed Slinger of Vertical Distribution 
 

M. A. Khan1*, Y.T.Chen2 W. H. Lai3, C.H. Hong4 
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Tainan, Taiwan 
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4 National Chung Shan Institute of Science and Technology, Taichung, Taiwan. 
 
 

Abstract 
The development of smaller gas turbine engine preferred injection method of slinger system has been explored 
intensively. In the previous research mostly focus is given to investigate the characteristics of spray and the droplet 
size distribution. The research is mainly focused on one of the essential element which is inertia force the spray 
distribution influences spatially by that. The parameters like rotational speed, flow rate, orifice diameter and the 
vertical distance of droplet distribution are used to analyze our research phenomena .The research will try to get the 
result how the vertical distance and gravity force will responsible for change of droplet distribution. The results of 
this research will be compared by the previous work which is dependent on horizontal distance of droplet 
distribution in which no gravity force is acting. It will try to optimize the result with different flow rate and 
rotational speed. For analyzing the result some non-dimensional number like weber number, ohnesorge Number will 
be used to show the result.  
 
Keywords: Spray, Slinger, atomization, measurement, drop size, imaging diagnostics 
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 Investigation of High Pressure Diesel Spray Characteristics with Computational Fluid 

Dynamics Approach. 
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Abstract 
Combustion initiated by the high pressure fuel sprays plays a critical role in the performance of the reciprocating 
compression ignition engines.  The diffusive nature of combustion leads to formation of emissions such as soot and 
NOx. Reducing these emissions and improving the performance of the engine requires a good understanding of the 
spray characteristics under engine operating conditions. Computational fluid dynamics (CFD) can be effectively 
used to study the spray dynamics. In the present work, the effect of ambient temperature and injection pressure on 
the sprays characteristics are studied using CFD.  Towards this objective, flow fields around high pressure non-
reacting diesel sprays are computed with commercial CFD code, AVL FIRE. Wave model is used to describe liquid 
secondary break-up. The computations are performed for ambient pressure of 45 bar and temperature of 300 K and 
450 K. The injection pressure varied from 600 to 1350 bar. The wave model constants are fine tuned to match the 
measured spray penetration length. The computed flow fields are analyzed to understand the effect of injection 
pressure, ambient temperature on spray penetration length, turbulence generation. It is observed that increasing the 
injection pressure results in higher penetration length.  An increase in the spray chamber temperature also found to 
increase spray penetration length.  
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Effect of liquid properties on the oscillation of elliptical liquid jets 
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Abstract 

Understanding the interfacial oscillation characteristics of liquid jets discharging from orifices is essential to de-
scribe their breakup mechanism and subsequent spray formation. The present work deals with an experimental study 
on the interfacial oscillation of elliptical liquid jets. The experiments are conducted with an elliptical orifice of 
equivalent diameter 4.93 mm with major and minor axis lengths 7.12 mm and 3.45 mm respectively. The results are 
obtained for three different liquids: pure water, water-glycerol mixture, and Jet A-1 fuel. The liquid jets are visual-
ized using backlight shadow-graphy technique involving a high intensity strobe lamp and a digital camera. The in-
terfacial oscillation of liquid jets is characterized by measuring the wavelength and amplitude of jet oscillation from 
recorded digital images. The wavelength of jet oscillation (λ) of elliptical liquid jet increases linearly with increase 
in liquid jet velocity (Uo). The jets of Jet A-1, owing to its significantly lower surface tension compared to the other 
two liquids, display higher value of wavelength for a given Uo. The experimental measurements of λ recorded at 
different flow conditions exhibit good agreement with the theoretical predictions obtained using mathematical model 
proposed by Rayleigh (1879) to describe capillary phenomena of liquid jet exhibiting undulations in its cross sec-
tion. For a given liquid jet Weber number (We), the elliptical jets of Jet A-1 undergo a larger increase in λ com-
pared to the jets of other two liquids. Further the variation of maximum and minimum amplitudes (Dmax and Dmin) of 
jet oscillation of elliptical liquid jets with We is discussed.  
 
Keywords: Elliptical liquid jets, interfacial oscillation, jet breakup, elliptical orifice 
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Identifying non-Markov effects in sprays

Bhaumik Shah Vimal 1 , Sri Vallabha Deevi 2, Arun Tangirala 3, Mahesh V Panchagnula 4 *

Indian Institute of Technology Madras,
Chennai 600036, India.

Abstract
Phase Doppler Particle Analyzer data has typically been used to construct joint size-velocity distribution functions in sprays. In
this approach, the arrival time data is not utilized. This study proposes analyzing the time-series data of droplet diameter and
velocity measured simultaneously at a given point in space towards discovering inherent non-Markov effects in droplet transport.
Previous studies have assumed a spray to be a Markov process i.e., the characteristics of an incoming droplet is affected only by
the immediately preceding droplet. We use two classical measures of serial correlations, namely auto-correlation function (ACF)
and partial auto-correlation function (PACF) to examine this claim. Using these measures, correlation of series with its own past is
modeled. Analysis reveals significant 5th order temporal correlation for velocity and 1st order correlation for diameter. Presence of
significant coefficients also makes a strong case for an inherent predictable process driving the droplet generation and transport.
Linear time-series models like auto-regressive (AR) model and auto-regressive moving average (ARMA) model were constructed
for both velocity and diameter. On further investigation of these models and using statistical tools such as bi-coherence, we show
conclusive evidence of inherent non-linearity present in the process.

Keywords: time series analysis, Markov process, spray, phase Doppler particle analyzer, AR/MA/ARMA models, bi-coherence
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A Consideration on Cavitation and Flash Boiling Atomization 
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Abstract 
It is well known that cavitation in diesel fuel injector and flash boiling in gasoline fuel injector are affecting atomi-
zation and spray formation processes.  However there is few general review on the difference of cavitation and flash 
boiling in a fuel injector.  Both cavitation and flash boiling bubbles affect liquid breakup and spray formation pro-
cess, but these bubbles show far different behaviors and different effects through their destruction processes.  Cavi-
tation bubble in which vapor pressure is less than surrounding liquid phase, is shrunk and generates intense turbu-
lence flow in its final stage of shrinking.  It causes strong promotion for atomization but less contribution on spray 
distribution except spray angle.  Flash boiling bubble in which vapor pressure is higher than surroundings, expands 
due to superheated liquid fuel and greatly promotes atomization through its bursting.  Spray behavior with flash 
boiling is far different from non-flash boiling spray, and flash boiling has a potential to improve spatial distribution 
and evaporation process of fuel spray.  In this brief consideration, above phenomena are explained by the previous 
results mainly obtained by authors, adding cavitation and flash boiling atomization model tentatively obtained here. 
 
Keywords: Atomization, Fuel Injector, Cavitation, Flash Boiling, Fuel Spray, IC Engine 
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Abstract 

This study investigates the atomization characteristics of the rotary bell cup atomizer used in automotive spray 

painting equipment. Classification of the breakup pattern at the bell cup edge, which is significantly related to that of 

the liquid flow pattern on the cup surface, revealed that several liquid ligaments were produced at low rotational 

speeds and fine ligaments which cause Rayleigh breakup were generated at high rotational speeds. The effect of 
shaping air on breakup of liquid ligament generated from the edge of rotary bell cup was also investigated; the 

breakup phenomena of liquid ligaments were simulated by using liquid column issued from a single hole nozzle, and 

it was found that breakup patterns were classified by using Weber number and Reynolds number of liquid column. 

The atomization characteristics of liquid column were examined, and conditions favoring the generation of ghosts 

which suppresses proper atomization were investigated. Also, droplet formation from the single hole nozzle was 

compared with that using a rotary bell cup atomizer.  

 

Keywords: Atomization characteristics, rotary bell cup atomizer, breakup behavior, liquid column/ligament,  

shaping air 
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Breakup of a Liquid Jet under Rigid Body Rotation 
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Abstract 

The breakup process of a liquid jet under rigid-body rotation was experimentally examined in this study. A liquid 
nozzle issued the liquid vertically downward, and was connected to a DC motor by a set of pulley. In the experiment, 
the flow rate ( ) of the jet and the rotation speed () of nozzle were varied. For the cases of  = 0 (no rotation), 500 
rpm, and 1200 rpm, the breakup length of the liquid jet was almost linearly increased with increasing the flow rate. 
The breakup length became smaller when the nozzle had a larger rotation speed. With a fixed flow rate, the breakup 
length was decreased with increasing the rotation speed; and its variation was shown by two declined straight lines 
connected at  = 300 rpm, in which the slope for  < 300 rpm was larger than that for  > 300 rpm. It was noted 
that if the rotation speed was relatively low, the cylindrical liquid column was broken to create stable and uniform-
size drops. On the other hand, when the rotation speed was high, the liquid column became more unstable and its 
breakup process resulted in three distinct drops patterns, such as steady drops, two-drop coalescence, and multiple-
drop coalescence.  
 
Keywords: Jet breakup, rotating jet, Rayleigh instability. 
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Numerical Investigation of Molten Fuel Jet Breakup inside a Liquid Pool 
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Abstract 
In a hypothetical severe accident scenario of a nuclear reactor, the reactor core might undergo tremendous heating in 

absence of adequate heat removal mechanism and may form molten state. The molten core material (or corium) pro-

gresses towards the reactor pressure vessel lower head in a form of jet and interact with the cold water which may 

lead to the fragmentation of jet. This molten fuel jet fragmentation phenomenon has gained attention among the re-

searchers due to its high uncertainty which may influence the further accident progression followed by steam explo-

sion. 

 

The present problem aims at the exploration of the underlying physics along with the effect of different initial condi-

tions on hydrodynamic fragmentation of a molten fuel jet in a pool of liquid using ANSYS FLUENT 14.5 with a 2D 

configuration. The Volume of Fluid (VOF) method is used to capture the molten wood metal jet fragmentation phe-

nomenon in liquid water. Identification of the influence of jet velocity, inlet profile of the jet and jet diameter on the 

fragmentation mechanism are the salient objective of the present work. 

 

 

 

Keywords:  

 

Fuel-coolant interactions, melt jet instability, melt jet fragmentation, jet breakup time  
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Effect of Density Ratio on the Secondary Breakup of Spherical Drops in a Gas Flow
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1 Department of Mechanical Engineering
Indian Institute of Science
Bangalore 560012, India

September 2016

Abstract
Breakup of drops is ubiquitous in nature. In the present study, fully resolved Volume of Fluid (VOF) simulations are performed,
using an open source solver – Gerris, to understand the physics involved in the breakup of a single spherical droplet. Most of the
previous numerical studies involve investigation of the breakup of drops at low-density ratios (drop liquid to ambient fluid ratio
ρ∗ < 100). It was observed that the backward bag breakup is the predominant mode in this density ratio range at moderate Weber
numbers (20-80). In our previous study [1], a forward-bag breakup at a density ratio of 1000 was observed for moderate Weber
numbers. In the current work, we study the breakup at density ratios of 10, 50, 100, 150, 200, 250, 500 and 1000 to understand
this dependence of breakup mode on the density ratio. We found that there exists a critical density ratio above which the dynamics
of drop breakup is significantly different from that at low density ratios. We study the role of the dynamics of the droplet rim, at
different density ratios, in the bag formation process. Finally, we present a ρ∗−We phase plot reflecting the drop behavior at various
density ratios and Weber numbers.

Keywords: Secondary breakup, Volume of Fluid, Density ratio
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Abstract 

There are several studies in literature on secondary atomization of Newtonian liquids such as n-heptane, water, ethyl 

alcohol and glycerol solutions, and ‘drop deformation and breakup regime maps’ have been plotted based on the 

studies. However, high surface tension liquids have not been studied in detail. The present research aims at studying 

secondary atomization of liquids having high surface tension values. One of the liquids that is studied here is molten 

gallium. A pneumatic on-demand droplet generator equipped with a heater produces mono-sized droplets of molten 

gallium and their breakup due to cross-flow is captured using diffused backlit shadow imaging. The continuous jet 

method is employed in this study. The Weber number is varied by changing the velocity of air jet and it is kept near 

the critical Weber number. Results show the bag and multimode breakup regimes for high surface tension liquids. 

 

Keywords: Secondary atomization, backlit imaging, cross-flow, Weber number, mono-sized droplet 
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Abstract 
Pulse detonation engines are the modern propulsive device which provides high trust. They are unsteady propulsive 
devices which have multi cycle operations, every cycle involves fuel and air mixing and a shock wave generation in 
combustion chamber. Combustion chamber is maintained at high pressure and high temperature which leads to 
combustion of Hydrogen. Deflagration propagates forward by taking all unburned species and products formed after 
combustion. Propagation of Deflagration – Detonation Transition (DDT) shock wave studies are interesting since 
creation stable combustion and shock propagation in steady state is challenging. In this work, Numerical Studies are 
conducted with shchelkin spiral geometry of different diameters of 3cm and 2cm are considered with different mass 
flowrates at inlets, in which one is for fuel inlet and other for oxidizer. Hydrogen along with oxidizer mixture enters 
the Detonation zone with pre designed time delay. In this work we have considered different mass flow rates of fuel 
and oxidizer with the objective of meeting effective equivalence ratios. This study presents effects of variable mass 
flow rate on pre detonation zone conditions, detonation wave propagation and shockwave behavior.  
 
Keywords: Pulse Detonation Engine (PDE), Deflagration Detonation Transition (DDT), Shchelkin spiral. 
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VARIATION UNDER FLASH BOILING CONDITIONS 
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Abstract 

One effective way of suppressing the cycle-to-cycle variation (CCV) in engine is to design a combustion system that 

is robust to the root cause of engine variation over the entire engine working process. Flash boiling has been 

demonstrated as an ideal technique to produce stable fuel spray. But the generation of stable intake flow and fuel 

mixture remain challenging. In this study, to evaluate the capability of swirl flow to produce repeatable fuel mixture 

formation, the fuel distribution inside a single cylinder optical engine under two swirl ratios were measured using 

laser induced fluorescence (LIF) technique. The swirl ratio was regulated by a swirl control valve installed in one of 

the intake ports. A planar laser sheet of 266 nm wavelength from a frequency-quadrupled Nd:YAG laser was directed 

into the optical engine through the quartz liner. The laser sheet was located at 15 mm below the tip of the spark plug. 

The fluorescence signal from the polycyclic aromatic hydrocarbon (PAH) in gasoline was collected by applying a 

320-420 nm band pass filter mounted in front of an intensified CCD camera. Test results show that the in-cylinder 

fuel distribution is strongly influenced by the swirl ratio. Specifically, under high swirl condition, the fuel is mainly 

concentrated on the left side of the combustion chamber. While under the low swirl, fuel is distributed more randomly 

over the measurement plane. This agrees well with the previous measurements of the flame kernel location. 

Additionally, the cycle-to-cycle variation of the fuel distribution were analyzed. Results show that well organized fuel 

mixture pattern with low cycle-to-cycle variation was achieved under high swirl condition. 

Keywords: Swirl ratio, fuel distribution, laser induced fluorescence, intensity gradient, cycle-to-cycle variation 
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Abstract 

In-cylinder flame temperature distribution is an important characteristic parameter to evaluate the performance of 

the combustion process in an internal combustion engine. In the present work, a 110 cm³ optically accessible spark-

ignition engine with port-fuel-injection (PFI) system was used to measure the spatio-temporal flame temperature 

distribution using two-colour method. The two-colour method has been used by other researchers for flame tempera-

ture measurement in a spark-ignition engine [1, 2]. The injection source was placed upstream of the intake valve, 

which provided the precise metering of fuel under all operating conditions in the present work. After relating fuel 

injection pressure effect on mixture homogeneity using planar laser-induced fluorescence (PLIF), the influence of 

relative air-fuel ratio (or Λ, i.e. inverse of equivalence ratio) on flame temperature distribution at injection pressure 

of 3 bar was found significant in this study. The engine was operated at fixed engine speed of 1400 rpm and part 

throttle opening. Results showed that significant cycle-to-cycle variations exist in flame temperature distribution 

inside the engine cylinder. Considering different relative air-fuel ratios (Λ= 0.85, 0.9 and 1), it was found that the 

flame temperature was maximum at Λ of 0.9 compared to 0.85 and 1.0. 
 

Keywords: Optical engine, in-cylinder flame temperature, two-colour method 
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Abstract 

It is important to understand the in-cylinder mixture distribution for improved engine performance, combustion 

process and emissions. In the present work, in-cylinder mixture distribution is studied using a planar laser-induced 

fluorescence technique. An optically accessible version of a TVS four-stroke 110 cc port fuel injection engine with a 

fully transparent liner and piston is used. Nd-YAG laser at 266 nm is used to induce the fluorescence of 3-pentanone 

tracer mixed with gasoline. The fluorescence is captured using an ICCD camera with a gate width of 200 ns at different 

planes during the intake and compression strokes. The effects of fuel injection pressure, throttle position and equiva-

lence ratio are studied to understand the spatial and temporal variations of fuel distribution inside the combustion 

chamber. Results showed the existence of rich mixture regions near the intake valve and diametrically opposite to the 

spark plug. It was found that at a given plane, spatial variations in the mixture distribution were much higher during 

the start of intake, but reduced at the end of compression. At part throttle and low speed engine operations, inhomo-

geneity was observed at all planes. Comparing different equivalence ratios, the temporal and spatial inhomogeneity 

was increased with the increase in equivalence ratio. The spatial inhomogeneity, however, was reduced with the in-

crease in fuel injection pressure. 

 

Keywords: PLIF, mixture distribution, PFI, 3-pentanone, inhomogeneity 
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Abstract 

 

Flow and aerosol transport and dynamics in a mixing chamber, part of an aerosol generation system, is analyzed 

using Computational Fluid Dynamics (CFD) and Computational Aerosol Dynamics. A predictable aerosol size dis-

tribution of particles is important for different aerosol related experiments. The effect of residence time of the aero-

sol particles and mixing characteristics of the flow on the aerosol size distribution is analyzed using the ANSWER 

finite volume CFD code. The ANSWER uses the steady state turbulent flow field to solve the General Dynamics 

Equations (GDE) for the aerosol particles. The GDE includes mechanisms such as coagulation, gravitational settling 

and thermophoretic drift etc. A volume (and mass) preserving nodal method is used to model particle distribution 

change due to coagulation. The size distribution in mixing chamber design is seen to be robust for various flow sce-

narios at inlet number concentration of 1*10
12

 /m
3
. This is explained by flow time scale being much smaller than 

coagulation time scale. At higher inlet concentration of 1*10
15

 /m
3
 the average size distribution and outlet size dis-

tribution are significantly shifted from the inlet distribution, due to the much lower coagulation time scale. A notice-

able difference between no or low swirl and high swirl flow is seen. A secondary ring inlet within the mixing cham-

ber was seen to lead to identical aerosol distribution for different flow scenarios even at higher inlet concentration. 

 

 

Keywords: CFD, Aerosol, Coagulation, Deposition, Settling, Swirling Flow, Size Distribution, Residence Time, 

Mixing Chamber, GDE. 
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Abstract 

Working conditions of advanced Aero engines are developing from conventional to ultra-conventional (ultra-high 

pressure and supercritical) conditions, and it should enhance the basic research on the atomization and combustion 

of the aviation fuel. Combustion instability leads severe vibration to the engine combustion device and even the en-

tire system, and it also causes significant damage to the system components. The fuel atomization and evaporation is 

the controlling process of combustion rate, and it is an important mechanism of the combustion instability. This pa-

per is planned to experimentally measure the spatial fuel atomization characteristics in an environment of acoustic 

field by high-speed imaging. Using multi-threshold image processing to analyze the effect of the high frequency 

oscillation on the fuel break-up, mixing mechanism during each stage of the fuel atomization, to explore the physical 

description and thermodynamic control mechanism of fuel droplet atmospheric environment, to illustrate how the 

pressure oscillation influences atomization characteristics of ethanol and aviation kerosene under different condi-

tions. It will provide a theoretical basis for the fuel atomization mechanism in the environment of pressure oscilla-

tion, so as to lay the theoretical foundation of excitation mechanism of the aviation kerosene atomization and evapo-

ration on combustion instability. 

 

Keywords: Spray, Atomization, Ethanol, Kerosene, Acoustic Fields 
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