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Preface 

 
This Book of Proceedings contains the extended abstracts of the contributions presented at the DIPSI Workshop 
2018 on Droplet Impact Phenomena and Spray Investigation, organised by the Università degli Studi di Bergamo 
on Friday 18th May 2018 in Bergamo, Italy. 

This workshop, which is now at its twelfth edition, represents an important opportunity to share the recent 
knowledge on droplets and sprays in a variety of research fields and industrial applications. 

The event is supported by the Department of Engineering and Applied Sciences of the Università degli Studi di 
Bergamo, the Research Training Group 2160/1 DROPIT, University of Stuttgart, Luchsinger S.r.l. and EyePro 
System S.r.l. 

 

Bergamo, September 2018 

                                                                                                                                    Prof. Gianpietro Elvio Cossali 
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Introduction 

One of the possible and promising ways for reducing both nitrogen oxides (NOx) and particulate matter (PM) in 
diesel engines is the use of the water-in-diesel emulsions which have been investigated by different researchers 
[1].It is generally accepted that when water in diesel emulsion is subjected to high temperature in the combustion 
chamber, secondary atomization occurs resulting in a reduction in emissions and lower specific fuel consumption. 
This is attributed mainly to the phenomena of micro-explosion as suggested by different authors [2]. Micro-
explosion is caused by the exposure of the primary emulsion droplet to a high-temperature environment whereby 
the small water droplets dispersed inside the fuel vaporize earlier than the fuel shattering the emulsion droplet into 
many smaller droplets known as droplets [3]. The smaller droplets tend to evaporate more quickly and form a 
better air-fuel mixture.  

Previous observations of the occurrence of micro-explosion for isolated emulsion droplets showed that these 
events are influenced significantly by the number and size distributions of the dispersed phase. Fine dispersed 
droplets (1-2 µm diameter) did not give rise to micro-explosion[4], and the optimum dispersed droplet size was 
found to be of the order of 5 µm [5].The reason for fine dispersed water droplets to inhibit or delay micro-explosion 
is believed to be due to their lower coalescence rate [6]. A limitation of these direct observation of micro-explosion 
events is that the size of the isolated dispersed water (emulsion) droplets tend to be several orders of magnitude 
larger than the droplets found in typical diesel sprays.  

There is, however, a great deal of disagreement on the performance of emulsions in engines. We believe that this 
may be due to the effect of the FIE equipment on the size and number distribution of the dispersed phase in the 
emulsion. Emulsions are subjected to intense shear in the fuel pump and injector nozzle which may lead to 
change in the distributions and sizes of the emulsion droplets [7]. This study was aimed investigating the impact 
of injector nozzle on dispersed water and thereby, its effect on micro-explosion and hence the combustion 
performance of the engine.  

Material and methods 

Emulsion preparation

The emulsions were custom-blended for this study with a mechanical stirrer using a reference diesel fuel, 
surfactant (Span 80) and water concentrations of 15% by volume. The emulsion properties are shown in Table 1.  
Table 1. Water In diesel emulsion properties 

Fuel/ Emulsion Density at 25 ºC 
(Kg/m3) 

Viscosity at 40 ºC 
(mm2/s) 

Surface Tension at 
25 °C (N/m) 

Cal. value (MJ/Kg) 

Neat diesel 825.01 3.21 43.20 27.08 
15%W 856.12 9.44 37.20 26.75 

Experimental setup

Two experimental setups were used in the current study. Firstly, a common-rail, electronically-controlled injection 
system was used to generate and induce the high pressure sprays into the sample collector to investigate the 
impact of the injection nozzle orifice on the properties of the emulsion. The emulsions were examined using a 
digital microscope (Olympus BX51) with 50� magnification and 10 µm depth of field to acquire high-magnification 
images of the dispersed water droplets. A developed MATLAB image processing algorithm was used to detect 
and measure dispersed water droplet sizes. 
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Secondly, the collected emulsions from the spray (at injection pressures of 50, 100, 150 MPa) were suspended 
over a hot plate at Lidenfrost conditions using a micro syringe needle to visualize the droplet micro-explosion 
phenomena. The complete setup for the experiments including the visualization system and temperature 
recording are shown in Figure 1. A National Instrument controller was employed to trigger the high-speed camera 
for image capturing and recording of the measured temperatures of the suspended emulsion droplet. The image 
acquisition rate was set at 500 fps at a resolution of 1280 × 1024 pixels throughout the experiments. 

Figure 1. Experimental setup for single droplet micro-explosion

Results and Discussion 

Impact of injector nozzle on the dispersed droplet size
Figure 2 shows the effect of injector nozzle shear on a water-in-diesel emulsion made with 15%W in the fuel tank 
(1 bar) and different injection pressure as seen under an optical microscope at 50X magnification. The injector 
nozzle shifted the emulsion distributions’ modes to a smaller diameter and the dispersed water droplet size 
decreased steadily with the increase in injection pressure. This is caused by the elevated shear and temperatures 
exerted by the injector’s nozzle onto the emulsion.

                       

Figure 2. Images of water-in-diesel emulsion samples for 15%v/v water content, examined under an optical microscope at 50�
magnification for the emulsion in the fuel tank, and after injection at 50, 100 and 150 MPa. 
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To ascertain whether the emulsion’s water had separated out of the blends we measured the density of the 
samples, and then used a mixing model to compute the water concentration for each sample. Figure 3 shows the 
effect of different injection pressures on water concentration. As the water concentration is linearly related to the 
emulsion’s density, this result indicates that some water separated or evaporated out of the emulsion. With the 
increase of injection pressure, the water concentration was reduced. The loss of water during the injection can be 
attributed to high temperature and pressure in the injector orifice causing the water evaporation. This evaporation 
can be attributed to the NOx reduction inside the engine. 

                    

Figure3. Effect of the injection pressure on the density of the emulsified fuel and the water content in the emulsion. �

Impact of injector nozzle on micro-explosion behavior
Figure 4 shows image sequences of a droplet for the evolution of micro-explosion phenomena of emulsion made 
with 15% water concentration by volume. Samples from the fuel tank (A) and after the injection pressure at 
150MPa were tested at the Leidenfrost conditions to determine the effect of injection pressure on the micro-
explosion phenomena. The results showed that the micro-explosion behavior was significantly affected by the 
injector shearing, hence. With the increase of injection pressure, micro-explosion time was delayed (from 1.4s in 
the fuel tank to 2.5 after the injector at 150 MPa) due to reduction in dispersed water droplet size and water 
content in the emulsion. 

� � � � �

� � � � �

�

Figure 4. Sequences of images showing micro-explosion behavior of an emulsion made with 15% water content taken from the 
tank (a) and after the injection at 150 MPa (b).     
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Introduction 

Spray processes for particle and powder production typically are performed within an enclosed environment 
(spray tower or spray chamber). To synthesize metal and metal-oxide particles in nanoscale range, the flame 
spray pyrolysis (FSP) process can be applied and, in order to design advanced nanomaterials and to improve 
their properties, as well as to increase the production rate of the process, variations of such process and 
reactor/atomizer design have been analysed in several studies [1–5]. Most previous investigations on FSP 
process [6-9] consider an open reactor configuration which leads to a specific gas entrainment that primarily is 
controlled by the jet strength. However, with this setup, the control of the combustion environment is not so easy 
[10] and, depending on the requested particle characteristics, it might be hard to achieve them. Enclosing the 
reactor and applying a oxidizer co-flow gas allows to control the fuel-to-oxidizer ratio [11] in situations where it is 
required, such as for the synthesis of carbon black [12] and/or production of pure metal-oxide nanoparticles [13–
15]. By enclosing the reactor, however, higher flame temperatures (since natural entrainment, and, therefore, its 
quenching effect is suppressed) and larger nanoparticles (since the particle coagulation and sintering are 
temperature-dependent) are observed [16]. In the conventional FSP process, a liquid precursor is dissolved in an 
organic fuel which is atomized into a spray of fine droplets. These droplets evaporate, and the vapor is 
instantaneously ignited due to the energy provided by a support flame. The fuel combustion produces enough 
energy to decompose and oxidize the precursor, resulting in a supersaturated environment of metallic oxide vapor 
which induces the particle nucleation and growth [17]. The spray formation and its propagation are affected by the 
shape and size of the enclosure as well as the amount of co-flowing gas, and, therefore, these phenomena in the 
enclosing spray chamber are to be controlled by flow control measures as, for instance, the superficial secondary 
gas flow. 
In this contribution, spray processes for powder production – e.g. FSP process for nano-sized particle synthesis – 
is analyzed numerically by computational fluid dynamics (CFD) simulations. The role of the entrainment flow and 
recirculation areas in the enclosure is highlighted. In this sense, the influence of geometrical setups (open and 
enclosed reactor) at different operating conditions on the flame temperature and spray behavior as well as on the 
reactor temperature and temperature-residence-time distribution of the gas and the particles are investigated. 
Based on the natural gas entrainment into the spray flame, the appropriate amount of co-flowing gas satisfying 
the entrainment requirement of the spray is derived. Supplying this amount of co-flowing gas to the enclosed 
reactor setup results in a quite similar flame behavior as found for the open reactor. On the other hand, reducing 
the co-flow gas rate, strong vortex and recirculation zones are formed, which are typically observed in confined 
jets with reduced co-flow [18], and the temperature increases considerably, resulting in larger nanoparticle sizes 
[19]. The numerical results are analyzed and compared to the findings of previous studies. 

Reactor Geometry and Numerical Domain 

Figure 1 depicts a sketch of the two reactor setups used in this work. Figure 1a presents the open configuration, 
which consists of a twin-fluid atomizer surrounded by a support flame that is positioned in the center of a metallic 
plate. In the enclosed configuration, Figure 1b, the metallic plate is smaller and is surrounded by a porous plate, 
through the which the co-flowing gas is fed, positioned on the bottom of enclosure tube. The enclosure consists of 
a quartz tube with inner diameter of 0.1 m, height of 0.5 m and thickness of 0.003 m. The atomizer nozzle used 
here is described in detail by Mädler et al. [6]. The computational simulations are performed using a bi-
dimensional (2D) axisymmetric approach, Figure 1c, in a numerical grid of ~175,000 hexahedral cells, considering 
a cylindrical domain with 0.1 m of diameter and 0.5 m of height. The applied computational mesh is refined in the 
region closest to the atomizer nozzle, where large gradients of velocity, temperature, and chemical species are 
found.  
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Spray Formation and Propagation in Open and Enclosed Reactors 

Figure 1. Sketch of FSP reactor in (a) open setup and (b) enclosed configuration; (c) 2D axisymmetric numerical domain.

Operating and Boundary Conditions 

In this study, the boundary conditions (Table 1) are adjusted as adiabatic and impermeable wall for the nozzle 
and metallic plate walls; fixed mass flow for oxidant, support flame inlet and co-flow gas; and pressure boundary 
(fixed static pressure and zero gradients for the remaining variables) for the top and side limits (open reactor). 
Regarding the simulation setup applied to the enclosed configuration, heat transfer through the reactor walls must 
be considered since overestimation in the temperature distribution is expected when the reactor walls are 
adjusted to adiabatic condition, as has been demonstrated in the previous investigation [20]. The liquid phase 
consists of a precursor solution of zirconium n-propoxide (70 wt-% in n-propanol) and ethanol, with a total 
zirconium concentration of 0.5 mol/L. This solution is feed with a constant flow rate of 5 mL/min to the reactor and 
is atomized by 5 L/min dispersion oxygen, which gives a gas-to-liquid mass ratio (GLMR) of 1.7. The nozzle gap 
is adjusted to maintain a pressure drop of 1.5 x 105 Pa. The reactor operates either in open or enclosed condition, 
both at atmospheric pressure. In the enclosed configuration, air is supplied as co-flowing gas. From the open 
setup, the entrainment mass flow rate of gas is estimated. Several simulations (varying the gas co-flow rate) with 
the enclosed configuration are performed. These co-flow rates are 400 L/min (derived from estimations of 
entrainment gas with the open setup), 100 and 40 L/min. The liquid phase is already injected in the domain as 
spray droplets. The initial spray droplet size distribution is correlated by means of a Rosin-Rammler-Sperling-
Bennet (RRSB) function to obtain the relevant parameters for the model setup and a stochastic Discrete Random 
Walk (DRW) model is applied to predict the turbulent droplet dispersion [21]. Proper droplet size distributions are 
obtained from previous studies [11, 22, 23]. 

Table 1. Boundary conditions assumed for numerical simulations. 

Boundary name Type Value Chemical composition 

Dispersion gas Mass-flow-inlet 1.19 x 10-4 kg/s (5 L/min) 100 wt-% O2

Metallic plate Wall No-slip / Adiabatic – 
Nozzle wall Wall No-slip / Adiabatic – 

Outlet Pressure-outlet 0 Pa 77 wt-% N2 + 23 wt-% O2

Support flame Mass-flow-inlet 9.41 x 10-5 kg/s (4.7 L/min) 19 wt-% CH4 + 81 wt-% O2

Porous plate [a] Wall No-slip / Adiabatic – 

Porous plate [b] Mass-flow-inlet 
8.50 x 10-3 kg/s (400 L/min) 
2.13 x 10-3 kg/s (100 L/min) 
8.50 x 10-4 kg/s (40 L/min) 

77 wt-% N2 + 23 wt-% O2

Reactor wall [a] Pressure outlet 0 Pa 77 wt-% N2 + 23 wt-% O2

Reactor wall [b] Wall No-slip / Adiabatic – 
[a]

 For open reactor setup. 
[b]

 For enclosed reactor setup. 
  

Results and Discussion 

Figure 2 presents CFD results concerning the gas velocity fields (a, c-e), gas entrainment (b) and gas 
recirculation (f) in a spray reactor. The mass flow of gas entrainment from the ambient – which is dragged into the 
spray region – increases with increasing the axial distance from the atomizer. Ricou and Spalding [24] proposed a 
linear correlation for the total mass flow rate of gas entrainment, �� , for a diffusion gas flame. Analysing the open 
setup (Figure 2a), the entrainment ratio at several heights above the burner, HAB, can be estimated (Figure 2b). 
By supplying sufficient amount of co-flow gas that satisfies the entrainment requirement of the spray – in this case 
~400 L/min (Figure 2c) – a similar spray flow behavior and morphology as found in the open setup and negligible 
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recirculation are observed. In contrast, decreasing the co
zones are formed, which is typically observed in confined jets with reduced co

Figure 2. Gas velocity fields of open (a) and enclosed
above the burner (HAB) in an open 

Figure 3 shows the predicted temperature 
temperature, and primary particle diameter
reactor and enclosed setup with 400 L/min co
are quite similar, confirming the appropriate
reactor temperature fields, since the amount of 
recirculation of hot gas is stronger. As is shown in 
formation and recirculation zones become, leading, 
reactor. The gas recirculation also increases the 
particle formation (Figure 3f) with lower co
of ~0.10 s at just 450 K while for the enclosed setu
600 K). For temperature > 600 K, the PRT of the open a
present quite similar results, again, corroborating
coagulation and sintering are determined by the tem
produced by both open and enclosed with 400 L/min c
range are found. Decreasing the gas co
with 40 L/min co-flowing gas, at 1500 K, the PRT is ~0.16 s and reache
regions with temperatures of ~2250 K only. As observe
impacts directly the powder size distribution. The 
size of produced particles. 

Figure 3. Simulated temperature fields
primary particle diameter (f) for the 

Nomenclature 

�� � initial mass flow rate [kg s-1]
�� � recirculation mass flow rate 
��  mass flow rate [kg s-1] 
CFD computational fluid dynamics
DRW Discrete Random Walk model
ER entrainment ratio  

on in Open and Enclosed Reactors 

observed. In contrast, decreasing the co-flow rate (Figure 2d-e) strong vortex and recirculation 
observed in confined jets with reduced co-flow [18]. 

pen (a) and enclosed FSP reactor (c-e); analysis of entrainment ratio (b) 
in an open FSP reactor and recirculation mass flow ratio (f) in an enclosed 

temperature distributions, the particle-residence-time, PRT as function of 
and primary particle diameter as function of HAB for the different investigated

and enclosed setup with 400 L/min co-flowing gas (Figure 3a and b, respectively), the temperature fields 
are quite similar, confirming the appropriate co-flowing gas is supplied. Reducing the co-

the amount of quenching gas supplied to the reactor is lower 
As is shown in Figure 3b-d, the lower co-flow rates are, the stronger the vortex 

formation and recirculation zones become, leading, in turn, to higher temperature in t
The gas recirculation also increases the PRT in the flame/hot regions (Figure 3e) 

with lower co-flowing gas rates. For the open configuration, the PRT has a maximum 
of ~0.10 s at just 450 K while for the enclosed setup with the lower co-flow rate, the maximal PRT is ~0.35 s (at 
600 K). For temperature > 600 K, the PRT of the open and enclosed reactor with 400 L/min co
present quite similar results, again, corroborating the appropriate co-flow gas is provide
coagulation and sintering are determined by the temperature history, particles with similar size distr
produced by both open and enclosed with 400 L/min configurations, since similar PRT in the same tempera

. Decreasing the gas co-flow rate extends the PRT in the high temperature zo
flowing gas, at 1500 K, the PRT is ~0.16 s and reaches values smaller than 0.005 s in the 

regions with temperatures of ~2250 K only. As observed in Figure 3f, the PRT in the high temperature zones 
impacts directly the powder size distribution. The longer the PRT in high-temperature regions, the 

fields of open (a) and enclosed FSP reactor (b-c); particle-residence
primary particle diameter (f) for the open and enclosed setups and different co-flow rates

]
flow rate [kg s-1] 

omputational fluid dynamics
Discrete Random Walk model

strong vortex and recirculation 

e); analysis of entrainment ratio (b) at several heights 
reactor and recirculation mass flow ratio (f) in an enclosed FSP reactor.

, PRT as function of 
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a and b, respectively), the temperature fields 
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the reactor is lower and the 
flow rates are, the stronger the vortex 

, to higher temperature in the downstream of the 
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For the open configuration, the PRT has a maximum 
flow rate, the maximal PRT is ~0.35 s (at 

nd enclosed reactor with 400 L/min co-flowing gas 
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FSP flame spray pyrolysis 
GLMR gas-to-liquid mass ratio 
HAB height above the burner [m] 
PRT particle-residence-time [s] 
RRSB Rosin-Rammler-Sperling-Bennet function 
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Introduction 

Recently the importance of spray measurements in automotive urea-SCR (Selective Catalytic Reduction) systems 
development has strongly increased. Since the in-line under floor exhaust systems have been replaced with close-
coupled to the engine designs, the distance available for UWS evaporation and urea decomposition has dramatically 
decreased. Close-coupled to the engine SCRs are preferred due to higher exhaust gas temperature and NOx 
reduction [1]. Near-engine location results in decreased distance for water evaporation and urea decomposition. Thus, 
spray properties need to be properly adjusted to specific SCR system design – this includes injector selection and its 
location optimization. One needs to be aware that properly adjusted spray alone is not sufficient to assure water 
evaporation and urea decomposition before the inlet to the catalyst in typical close-coupled SCR design. Therefore, 
the additional static mixing elements are needed to enhance mixing and provide proper NH3 distribution at inlet to the 
catalyst. Majority of work related to static mixer designs and SCR design optimization is done using CFD 
(Computational Fluid Dynamics) simulations, where full SCR system designs are considered [2]–[5]. These 
simulations include both spray formation in the gaseous media and spray-wall interaction. Spray modelling in turn 
requires much data on the spray properties which needs to be determined experimentally. The simplified early-stage 
development process of SCR systems including experimental spray measurements is shown in Fig. 1. 
 

 

Figure 1. Simplified early-stage development process of SCR systems  
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As shown in Fig. 1 the spray measurements take place at very initial stage of SCR development in parallel to main 
activities. This comes out from the fact that the SCR system development can be done basing only on data provided 
by injector manufacturer, and thus spray measurements can be regarded as optional activities. However, simplified 
approach (excluding spray measurements) has strong disadvantage since data provided by manufacturer is usually 
limited while the injector characterization can provide additional data such as droplet spatial distribution which allows 
to properly select injector to specific system and calibrate spray models. Spray measurements included in the 
development process allow to directly compare injectors from different manufacturers assuring that the compared data 
is not affected by different experimental setups. 
When additional spray measurements are included, the main activities in SCR system development remain the same, 
however the input data is different. In that case, directly after creating initial SCR system design which is done basing 
mainly on vehicle and engine features as well as target market needs (emissions limits), the initially preselected 
injectors are tested experimentally. Initial injector preselection is done using injector manufacturer data and CAD 
(computer aided design) simulations, i.e. fitting spray cones into exhaust system. Based on spray measurements the 
injector (max. 2 injectors – second as the alternative option) is selected to be used in the developed SCR systems. 
Moreover, the experimental data on spray properties is used to calibrate numerical models, which are then used to 
develop static mixers and optimize SCR design including injector location in the system. In this study the spray 
measurement procedure is shown, and techniques used to determine required spray parameters are discussed. 
 
Material and methods 

The spray parameters needed to select injector and calibrate spray models include spray angles (plume directions, 
plume angle and visualisation angle), spray tip penetration evolution and droplet size distribution. High speed imaging 
with global illumination was used for global spray parameters determination (visualisation angle, single plume angle, 
jet directions and spray tip penetration). As for the droplet size distribution, sprays for SCR applications due to 
relatively large droplets (typically around 100µm) and low number density offer huge potential in terms of applied 
techniques. In this study shadowgraphy with long distance microscope was used to determine droplet size distribution. 
Due to frequency of the laser limited to 10 Hz only one image per injection was taken, and the droplet size distribution 
was composed for 100 consecutive injections. 
Due to limited field of view in shadowgraphy setup, additionally LIF/Mie approach (Laser Induced Fluorescence and 
Mie scattering) was used to determine qualitative droplet size distribution across the whole spray cloud. The LIF/Mie 
method was coupled with structured illumination to minimize noise signals caused by background reflections and 
multiple scattering. The setup for LIF/Mie measurements with structured illumination is shown in Fig. 2. 

 

 

Figure 2. Schematic diagram of complete experimental setup [6] 

 
 
Results and Discussion 

The acquired data was used in both development stages, injector selection and spray model calibration for full SCR 
system CFD simulations. Injector selection was done basing on shadowgraphy results. The selection was done by 
both qualitative and quantitative comparison of the results. The raw shadowgraphy images were compared 
qualitatively in terms of spatial dispersion of the droplets (Fig. 3). Additionally, the droplet distribution was compared 
quantitively (Fig. 4).  
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Figure 3. Shadowgraphy images of two tested injectors 

 
The qualitative image comparison indicated that the droplets generated by injector #1 are more evenly distributed over 
the whole spray cloud while those emerged from injector #2 tend to travel along nozzle axes. The qualitative overview 
suggested also that injector #1 produces more medium and small droplets than injector #2. This was confirmed by 
quantitative comparison of droplet size distribution (Fig. 4). Moreover, it can be observed that injector #2 produced 
very large droplets (>200 µm), which were supposed to agglomerate either on inlet to the catalyst or exhaust system 
walls. Therefore, injector #1 was selected to be used in developed SCR system.  
 

 
Figure 4. Droplet size distribution for two tested injectors 

 
The experimental data obtained for selected injector was used for spray model calibration similarly as shown in [7]. 
Droplet size distribution shown in Fig. 4 was used as one of the input parameters for spray model. Spray angles 
(single plume angle and plumes directions) as well as initial jet velocity (determined by high speed imaging) were also 
used as input parameters, while the spray tip penetration evolution was used as target parameter for model matching.  
 
Additionally, the selected injector was characterized using simultaneous LIF and Mie scattering visualisation according 
to setup presented in Fig. 2. These two signals were used to determine qualitative droplet size distribution across the 
whole spray cloud by means of LIF/Mie ratio. LIF and Mie signals alone can be used for mass distribution 
determination [8], however LIF/Mie ratio is more useful parameter for spray model performance verification in terms of 
droplet size distribution across the spray cloud as it was done in this study. The LIF/Mie ratio was used only for 
qualitative model verification as no size calibration was done. The droplet sizes as presented in Fig. 4 (above 20 µm) 
according to [9] provide close to linear correlation between Mie signal and droplet size when 3.8 deg solid angle is 
considered. Thus LIF/Mie ratio could be used in this setup as qualitative SMD (Sauter mean diameter) distribution 
indicator. LIF, Mie and LIF/Mie ratio results for selected injector are shown in Fig. 5. 
 

Injector #2 Injector #1 
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Figure 5. a) LIF, b) Mie, c) LIF/Mie ratio; (adopted from [6]) 

 
The spray model was further calibrated in terms of spatial droplet distribution and then used for static mixer 
development and SCR system design optimization (including injector position optimization). 
 
Taking into account benefits related to direct comparison of sprays generated by different injectors from different 
manufactures using the same diagnostic setups (as shown in Fig. 3) and additional data available for spray model 
verification such as LIF/Mie ratio (shown in Fig. 5c), it can be concluded that spray measurement has strong positive 
impact on SCR systems development.  
 
Nomenclature 

CAD computer aided design 
CFD computational fluid dynamics 
LIF laser induced fluorescence 
SCR selective catalytic reduction 
SMD Sauter mean diameter 
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Introduction 

Spray cooling is among the most popular liquid cooling strategies, given the high heat transfer coefficients that can be 

delivered [1]. However, increasingly demanding heat loads in applications such as electronics cooling have pushed 

researchers to further enhance the heat transfer processes, by altering the surfaces and/or the fluids e.g. [2-4]. Fluids 

with nanoparticles are pointed to have great potential to improve heat transfer processes, given their potentially higher 

thermal properties. However, increasing the concentration of the nanoparticles may alter significantly other physical 

properties such as the viscosity, which affect the fluid flow and may eventually reverse any advantage of adding the 

nanoparticles. Furthermore, while most authors have focused simply on the effect of the nanoparticles on the bulk 

properties of the fluid, studies on the wettability and on the interaction effects of the particles on the surfaces and on 

droplet-droplet interactions is scarcely reported. The actual effects of adding nanoparticles in the fluid flow 

characteristics and, particularly in the mechanisms of atomization, have also been drawn to a secondary plane.  

In this context, the present work focuses on the effect of nanofluid preparation, particularly on the effect of the 

nanoparticles concentration, on the local physical properties of the resulting fluid and their consequent effect on the 

atomization characteristics (droplet size, velocity distribution, spray angle, etc) using nanofluids. The results are 

discussed focusing on how the spray characteristics affect the use of the resulting spray for cooling purposes. 

Nanoparticles of alumina (Al2O3) and Zinc Oxide (ZnO) are mixed in water-based solutions, for concentrations varying 

between 0.5% and 2% wt for alumina and between 0.01% and 0.1% wt for the zinc oxide particles. CuO (0.1% wt) 

and FeCl2.4H2O (0.1% wt) were also used to infer on the effect of the nature (material) of the particles in the physico-

chemical properties of the resulting solutions. High-speed imaging is combined with Phase Doppler Anemometry and 

Laser Scanning Confocal Microscopy to fully characterize the nanofluids properties and the spray characteristics. 

The results show that liquid viscosity is an important parameter in predetermining the spray characteristics of the 

nanofluids, as it affects the primary breakup. However, only a minor increase is observed in the nanofluids viscosity, 

mainly for higher concentrations of alumina. This variation in the viscosity was observed to slightly affect droplet size 

distribution and to cause a small decrease in the cone angle of the spray. Hence, for the range of nanoparticles nature 

and concentration covered here, there is a positive balance in the use of the nanoparticles, increasing the thermal 

properties without a significant deterioration of other fluid properties such as viscosity, or spray dynamics. 

 

Material and methods 

The sprays are generated in a small pressure-swirl type atomizer, with a square cross-section 0.6 x 0.6 mm, which 

produces a wide cone spray. The discharge orifice is 0.42 mm. 

The liquid is supplied from a small (3 l) pressure vessel, pressurized by air at 87 PSI. At this pressure (approx. 5 bar 

overpressure), the mass flow rate through the atomizer is approx. 7 kgh
-1

. 

The nanofluids are prepared following a two-step process. The particles are mixed with DI water, in concentrations 

ranging between 0.01 and 2% weight percentages and placed in an ultrasonic bath for 1 h. The specific nanofluid 

concentrations used in the present work are identified in Table 1. Citric acid was added as a surfactant, to maintain 

the particles dispersed and the nanofluids stable during the experiments. The nanoparticles are mainly composed by 

metals and oxide metals to enhance the thermal properties of the resulting nanofluids, for cooling applications. 

The wettability of the nanofluids on the contact surfaces was quantified by equilibrium contact angles, using an optical 

tensiometer (THETA from Attension). Uncertainty of the contact angle measurements was at most of the order of ±5º. 

The measurements were performed following the sessile droplet method, as detailed, for instance in [5]. In addition, a 

Laser Scanning Confocal Microscope (Leica SP8) was used to perform Laser Scanning Confocal Fluorescence 
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Microscopy – LSCFM - and 3D reconstruction, to visualize the micro-layer in the very vicinity of the triple contact line 

and characterize wettability within improved spatial resolution, as in [6]. 

As for the properties of the nanofluids, density was evaluated from the solutions concentration, by mass conservation 

principles and was very close to that of the water (DI) for all the samples tested (r = 998kgm
-3

). The viscosity was 

measured with an ATS RheoSystems (a division of CANNON
®
 Instruments, Co) under controlled temperature 

conditions, with an accuracy of ±5%. Finally, the surface tension was measured under controlled temperature 

conditions (20 ± 2ºC) with an optical tensiometer THETA (Attention), using the pendant drop method. The value taken 

for the surface tension of each solution was averaged from 15 measurements, with a maximum standard deviation of 

the mean of 0.04 mNm
-1

. 

 

Table 1. Composition and main physico-chemical properties of the nanofluids used in the present study. 

 

The spray was characterized combining high-speed imaging with phase Doppler anemometry measurements. 

A Phantom v4.2 high-speed camera was used to obtain spray images, which were afterwards post-processed to 

analyse qualitatively the morphology of the sprays and to evaluate several additional parameters such as the spray 

cone angle. Images were taken at 15kHz, with a resolution of 192x192px
2
. 

Phase Doppler measurements were performed with a two-component system from Dantec, to describe size and 

velocity distributions in the resulting nanofluid sprays. 

A measurement grid was used which considers a radial system, as defined in Figure 1, where r = 0mm corresponds to 

the center of the spray cone and z=0mm is at the exit of the spray nozzle. Measurements were performed for -20mm 

< r < 20mm, -20mm < y < 20mm and z = 10mm and Z = 20mm, in 2mm steps for each direction. 

Detailed description of the experimental arrangement and of the measurement procedures is provided in [3]. 

z

r

r=0mm, -20≤r≤20mm

Z=10mm

Z=20mm

y
-20≤y≤20mm

 
Figure 1. System of coordinates used in the measurements with the phase Doppler instrument. 

 

Results and Discussion 

Table 1 does not evidence significant differences between the surface tension values measured for the different 

nanofluid solutions. The viscosity, on the other hand, is observed to increase mildly, even for the low nanoparticle 

Sample 

number 

Weight percentage (wt %) Size of the 

particles 

[nm] 

ml slv 

Surfactant Oxide Deionized water gm
-1
s
-1

 mNm
-1

 

1 Oleic acid 0.15 ---  99.85 (pure)  1.02 74.2 

2 Citric acid 0.15 Al2O3 2 97.85 (pure) 80 1.12 72.8 

3 Citric acid 0.15 Al2O3 0.5 99.35 (pure) 80 1.05 73.4 

4 Citric acid 0.15 ZnO 0.5 99.35 (pure) 80 1.02 74.3 

5 Citric acid 0.15 ZnO 0.01 99.84 (pure) 80 1.28 73.0 

6 Citric acid 0.15 CuO 0.1 99.75 (pure) 50 1.05 72.0 

7 Citric acid 0.15 FeCl2. 4H2O 0.1 99.75 (pure) ≥ 100 1.04 71.6 
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concentrations used here. It is worth mentioning that the properties of the solutions were measured before and after 

atomization, to check on the stability of the solutions and on the possible effect of particles trapping in the atomizer in 

the liquid feeding system, which could alter the real concentration of the solutions and, consequently their physico-

chemical properties. Any significant changes were observed in the measurements performed before and after the 

atomization. This slight increase in the bulk viscosity of the nanofluids was therefore further investigated to infer how it 

could be affecting the spray atomization processes. In line with this, the morphology of the various nanofluid sprays 

was observed from high-speed imaging. Image analysis and post-processing reveals no significant different between 

the morphology of the various nanofluid sprays. Also, the liquid sheet breakup length, evaluated based on these 

images was observed to occur at about 5–7 mm below the exit orifice, independently from the nanofluid used. Based 

on these observations, a more careful analysis was performed at two main axial distances from the nozzle, namely at 

z=10mm and z=20mm. While at the distance closer to the exit orifice the measurements are performed just after the 

primary breakup, which is definitly more affected by the liquid viscosity, the measurements performed at z=20mm may 

be less affected by viscosity, being therefore expected to be dominated by surface tension effects. Such relative 

dominance of viscous vs surface tension effects can be discussed, observing the spray cone angle and the integral 

Sauter mean diameter ID32, as defined by [7], as a function of the dynamic viscosity, which in turn increases with the 

concentration of the nanoparticles, as obseved in Table 1. 

Hence, the spray cone angle measurements performed at z=10mm, as depicted in Figure 2a show a small decline 

with increasing viscosity, evidencing a dominant effect of the viscous forces. This maybe so, since larger viscosity 

tends to promote dissipation inside the swirl chamber of the atomizer, thus lowering the flow velocities and 

consequently, decreasing the spray cone angle. However, as the measurements are performed farther away from the 

primary breakup region, the viscosity effect becomes negligleable, thus suggesting the dominance of the surface 

tension, which is hardly affected by the presence of the nanoparticles (Figure 2b).  

These trends are supported by measurements of ID32, also represented as a function of the nanofluids viscosity. 

Again, the effect of increasing the viscosity of the nanofluids, caused by the addition of the nanoparticles leads to a 

mild increase in the ID32 (Figure 3a) at the primary break-up region (z =1 0mm), which is hardly noticed at z = 20mm 

(Figure 3b).  

The ratio between the liquid phase Weber and Reynolds numbers at z = 20mm, roughly varies between 0.35 and 0.5, 

depending on the nanofluid used, thus reinforcing the trend that the increasing concentration of the nanofluids 

strongly affects the region of the primary break-up, which is governed by the increased viscous forces, but has only a 

minor effect as the spray becomes fully developed. 

 

Nanoparticles concentration Nanoparticles concentration

 
   a)         b) 

Figure 2. Effect of the nanoparticles concentration (represented in the nanofluids viscosity) on the spray cone angle at 

a) z = 10 mm. b) z = 20 mm. 
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Nanoparticles concentration Nanoparticles concentration

 
   a)         b) 

Figure 3 Effect of the nanoparticles concentration (represented in the nanofluids viscosity) on the characteristic size 

of the spray droplets. PDA measurements performed at a) z = 10 mm. b) z = 20 mm. 

 

Conclusions 

This work addresses the effect of nanoparticles concentration on the atomization processes of the resulting nanofluid 

sprays, to be used in the context of cooling applications. 

Additional investigation is now required to widen the range of nanoparticles concentration and to study the spray 

dynamics and the heat transfer processes at imingement. However, these results are rather encouraging to use these 

nanoparticles for spray coooling applications, as they are able to enhance the thermal properties of the nanofluids 

without significantly compromising the spray characteristics, as the atomization processes in the fully developed 

region of the spray are mostly dominated by surface tension forces, which are hardly affected by the concentration of 

the nanoparticles.       
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Introduction 

The impact of droplets on a solid surface is important in a number of industrial applications such as IC engines, fire 
suppression, thermal power plants and ink printing, among many others. Several parameters, such as droplet velocity, 
diameter and angle of impact [1], liquid physical properties [2], surface conditions [3], wall surface temperature (Tw) 
[4]and ambient pressure [5] are of key importance for the deformation of droplets upon impact and thus, define the 
impact outcome. Previous investigations show that the dynamic of droplet impact on a heated surface is different from 
those observed on a cold surface. in the present study, the impact of Diesel fuel droplets on a heated surface within a 
gaseous (air) environment at 1 and 2 bar has been investigated for a wide range of Weber number and surface 
temperature values employing both high speed visualization and CFD modelling.  

Material and methods 

The experimental setup and the image processing technique is shown in Figure 1 and comprises from the pressure 
chamber, the droplet generation system, the heated surface, the optical shadowgraphy system and the data 
acquisition system. 

Figure 1: (a) 2D-axisymmetric computational domain and boundary conditions used for the simulation of Diesel droplet impingement 
and grid refinement of the liquid-gas interface (b) Schematic illustration of the test rig set-up utilised

The liquid used in this study was standard summer Diesel fuel with properties �=833 kg/m3, �=28.9 mN/m and �=2.7 
cP at 25 °C. Droplet generation was achieved by a delicate electromagnetic injection system. Droplet injection and 
size was controlled from the compressed upstream air pressure and the opening time of the injector anchor; the 
achieved droplet size and velocity were in the range of 250-500 �m and 0.5-9 m/s, respectively. These correspond to 
impact Weber and Reynolds numbers in the range of 15-1000 and 91-1256, respectively. A transparent high pressure 
chamber equipped with three quartz glasses for optical access was utilized while experiments were performed at 
pressures of 1 and 2 bar; nitrogen was used to pressurize the chamber. The employed CFD model solves the Navier-
Stokes equations for mass and momentum conservation, while it employs the VOF methodology to capture the liquid-
gas interface. The energy equation coupled with a species transport equation for the vapour and a local evaporation 
model are utilized to simulate phase change [6]. The evaporation rate is based on the kinetic theory of gases, where 
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the driving force is the difference between the saturation conditions at the interface and the conditions on the vapour 
side. 

Results and Discussion 

In general, under the designated operating conditions, essentially six different macroscopic outcome regimes can 
have been identified, termed as: stick, splash, rebound, partial-rebound, breakup and breakup-rebound as illustrated 
in Figure 2.  

Figure 2: Temporal evolution of Diesel fuel droplet during impact on the heated flat aluminium surface for different values of Weber 
number and wall temperature; (a) stick regime at We=65, TW=170°C; (b) splash regime at We=490, TW=180°C; (c) rebound regime at 
We=65, TW=350°C; (d) partial rebound regime at We=65, TW=340°C; (e) breakup at We=490, TW=340°C; (f) breakup-rebound regime 

at We=202, TW=370°C

The impact outcomes are categorized and inserted into a non-dimensionalized map to identify the droplet impact 
based on the droplet Weber number (=�U0

2D0/�) and the surface temperature for the (Figure 3). Critical (We, T) pairs 
have been identified, which signify the transition to the breakup, splash and rebound regime.  

Figure 3: We-T regime diagram of Diesel fuel droplet impact on a heated aluminum surface at (a) P=1bar and (b) P=2bar

The effect of wall surface temperature and impact Weber number on wetting spreading factor and dynamic contact 
angle have been numerically and experimentally assessed (Figure 4 and Figure 5).  
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Figure 4: (a) Sequential images (experiment and simulation) of Diesel fuel droplet impact on a heated  luminium surface  for We=65 
and P=1 bar: (a) TW=25°C, (b) TW=140°C and (c) TW=260°C. For the simulation results,  values of viscosity and temperature below 

the lower contour level are cut-off. 

Figure 5: Effect of surface temperature on time evolution of dynamic contact angle and spreading factor for We=65 and 1 bar 
chamber pressure at TW=25, 140, 260°C

It has also been confirmed that by increasing wall-surface temperature, the droplet exhibits a strongly oscillating 
behaviour during the expansion and recoil phases, due to a reduction of liquid viscosity in the bulk of the liquid at 
higher surface temperature (Figure 6). This stronger recoiling behaviour also increases the value of the dynamic 
contact angle with the solid surface.  
The effect of air pressure is quite insignificant on the wetting dynamic (Figure 7), however a weak suppression of the 
droplet spreading at P=2bar is observed, since the spreading factor obtains a lower value at P=1bar.  This can be 
attributed to the increased aerodynamic drag effect at the triple contact point, as the density of the ambient air is 
doubled at 2 bar air pressure compared to atmospheric condition.         
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Figure 6: Droplet rim motion at 3 time instances (hysteresis and recoil) for 3 different surface temperatures  of TW=25, 140, 260°C, 

We=65 and 1 bar chamber pressure. 

Figure 7: Temporal variation of (a) the dynamic contact angle � and (b) spreading factor � for We=19 at TW=140 and 240°C

Nomenclature 

TL Leidenfrost Temperature [°C] t* Dimensionless time (t×V0/D0) 
TW Wall surface temperature [°C] We Weber number (�V0

2D0/�)
P Ambient pressure [bar] V0 Impact velocity [m/s] 
� Density [kg/m3] D0 Droplet diameter at impact time [m] 
� Surface tension [N/m] µ Viscosity [mPa.s] 
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Introduction 

The greater control on the in-cylinder air-to-fuel ratio gives gasoline direct injection (GDI) engines the possibility to 
operate at higher compression ratios with respect to port fuel injection (PFI) ones, hence to achieve different 
charge characteristics depending on the specific load or speed, as the homogeneous mode for stoichiometric 
operation or stratified mixtures for lean overall operation. Since liquid fuel is directly injected into the combustion 
chamber, the fuel spray characteristics strongly influence the process of fuel-air mixing and combustion [1]. One 
important challenge for the GDI technology is that while it is essential to have a more uniform in-cylinder fuel 
distribution for better preparation of the combustion, the time available for fuel atomization and air mixing is very 
limited. Therefore, rapid atomization and vaporization of fuel spray are highly desirable. A key feature for better 
atomization is the fuel injection pressure. A higher injection pressure facilitates a higher atomization degree of fuel 
and vaporization but, at the same time, creates an over-penetrating spray so optimization is required [2]. 
However, due to the short distance between the injector nozzle and the piston head/cylinder walls, at high-
injection pressure the fuel may impinge on walls before a fully vaporization and mixing with the air. On one hand, 
the spray impact accelerates the secondary atomization; on the other hand, a thin fuel film is deposited on the 
surface of the piston and/or the cylinder wall and both soot and un-burned hydrocarbon (UHC) were 
experimentally observed [3-6]. Therefore, a great need to characterize the DISI gasoline spray-wall interactions in 
details arises, not only to understand the fundamental transport processes, but to provide data to validate CFD 
predictions, too, which have become essential in the design of DISI engines. 
Aim of this study is a detailed understanding of the interaction between the injected fuel and a flat wall under 
engine-like conditions, observing both the liquid and the vapour phases as the surface temperature varied (room 
to 573 K) in a controlled environment.  
A customized algorithm, able to catch the contours of the liquid phase and the vapour/atomized zone, was used 
to extract the diffusion and evaporation parameters that characterized the impingement of the fuel. 

Material and methods 

The tests were performed in a constant-volume combustion vessel optically-accessible through three quartz 
windows allowing the admittance to the investigated area. A single-component fuel was used as fluid: iso-octane. 
The chosen injector was a solenoid-activated eight-hole direct-injection gasoline injector from the Engine 
Combustion Network (ECN) effort on gasoline sprays (Spray G). The nozzle holes are equally spaced and are 
165 �m in diameter, according to the specifications. The injector was located on the top of the vessel in a holder 
including a jacket for the temperature setting of the nozzle nose and connected to a chiller for fluxing a cooling 
liquid. The fuel was supplied through a common rail system, heated by an electrical resistance and controlled in 
temperature by a J-type thermocouple based system located in the rail. Both the injector and the fuel temperature 
were kept at 363 K. The experimental work was carried out at the room temperature and atmospheric back-pressure 
except for the setting of the impinged wall temperature. Characterization of the spray impingement on a wall was 
made by introducing an 80 mm in diameter aluminum flat plate into the vessel, positioned 21 mm downstream the 
injector tip and facing orthogonal to the injector axis. The plate was heated in the range from 293 to 573 K (Tw) by 
electric resistances and controlled in temperature by a J-type thermocouple located in its center at 1.0 mm from 
the wall surface. Moreover, the spray-wall interaction was studied for three injection pressures, 5.0, 10.0, and 
20.0 MPa. An optical setup of simultaneous Mie scattering and schlieren imaging techniques was applied for the 
spray-wall interaction test by using a Photron Fastcam SA4 high-speed camera to acquire the liquid/vapour spray 
at 25,000 fps with an exposure time of 39.33 �s. The arrangement was capable to acquire alternatively schlieren 
and Mie-scattering images in a quasi-simultaneous fashion using the same optical path. This methodology 
allowed complementing the liquid phases of the impact, obtained by the Mie scattering, with the liquid/vapor ones 
collected by the schlieren technique for determining both the phases inside a single cycle. The camera used a 
Tamron 90 mm lens with f-stop 1-2.8, with a spatial configuration realizing a resolution of 6.5 pixel/mm. More 
details on the adopted hybrid optical setup were reported in [7]. A homemade algorithm for image-processing was 
performed using a customized procedure developed under MATLAB platform to treat the batch and to outline the 
contours of the images. 
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Results and Discussion 

Figure 1 reports an impacting spray sequence at different wall temperatures (from 293 to 573 K) from Mie 

scattering (top) and schlieren (bottom) optical technique. The imagines refer to the time step of 480 µs after the 
impact and the injection pressure is 20.0 MPa. For each column the effects of the wall temperature can be 
evaluated on liquid phase from Mie-scattering images and on both liquid and vapor from schlieren ones.

Figure 1. Mie scattering (top) and schlieren (bottom) impacting spray images at different wall temperatures 

The impinging spray images showed an intact liquid core coming from the nozzle and flowing along the surface of 
the wall. Its maximum elongation in radial direction, as function of the time from the impact, was called “liquid 
width” and we referred to it as the intact liquid core. The impinged spray height (thickness) is considered as the 
maximum height in the perpendicular direction with respect to the impinged wall, which is caused by impingement 
regimes of splash, rebound or the free spray flowing over the thin film. The thickness of the intact liquid on the 
plate has not a regular shape, we refer to its maximum height as to “liquid thickness”. The liquid core is 
surrounded by an area composed of fuel vapour mixed to liquid ligaments and droplets more or less finely 
atomized. It extends itself on the plate beyond the “liquid width” and the “liquid thickness” and we refer to it as 
“vapor width” and “vapor thickness”. Five consecutive events were acquired for each injection condition for an 
evaluation of the jets spread. The increment of the wall temperature has an effect on both the liquid, with much 
dispersed droplets, and vapour phases. It determines a shift of the impact regime from deposition towards 
rebound or thermal break-up, thus leading to enhanced vaporization. Looking at the schlieren spray images in 
figure 1, the mixed area, overhanging the liquid portion (dark part immediately on the wall), includes ligaments, 
droplets more or less finely atomized and vapor phase. The growth of this area appears evident when the 
temperature increases.  
Figure 2 depicts the liquid (on the left) and vapour width (on the right) behaviour of the impacted fuel while 
changing the wall temperature from room to 573 K at the injection pressure of 20.0 MPa. 
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Figure 2. Liquid (left) and vapour (right) width at different wall temperatures 

Both liquid and vapour profiles show a quasi-linear growth vs time for all the investigated wall temperatures. The 
increment of the wall temperature from 293 to 373 K doesn’t produce any effect on liquid and vapour slipping in 
fact the curves (black and red respectively) overlap all along the injection duration. For temperatures higher than 
vaporization value of the iso-octane (372 K), the curves show a well-scaled trend of both liquid and vapour length 
with respect to the wall temperature, the higher is the temperature and the faster the fuel slipping results. 
The curves reported in Figure 3 depict the behavior of the liquid (left) and vapor thickness (right) rebounding from 
the wall surface as a function of the wall temperature at the same injection pressure of 20.0 MPa. 
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Figure 3. Liquid (left) and vapour (right) thickness at different wall temperatures 

The increment of the temperature causes a reduction of the liquid thickness (on the left) and a growth of the 
vapour one (on the right). The thickness of the liquid phase shows an inverse trend with respect the wall 
temperature increase with a strongest rebound at room value (black line) and a quick tendency (at 473 and 573K) 
to saturate towards a stable value, around 2 mm, indicating a faster evaporation of the further incoming fuel. The 
behaviours of the vapour thickness curves are almost similar to the width ones (Figure 2) with a quasi-linear grow 
of the thickness up to the end of the injection process. 
Finally, the effect of the injection pressure (ranging from 5.0 to 20.0) on both the liquid and the vapour phases 
after the impingement at the fixed wall temperature of 473 K was investigated. The injection duration was kept 

constant at 680 µs so the total amount of injected fuel increased with increasing of the injection pressure resulting 
equal to 5.0, 7.07, and 10.42 mg/stroke at 5.0, 10.0, and 20.0 MPa, respectively. Figure 4 reports the liquid (on 
the left) and vapour (on the right) width profiles as function of the injection pressure at the wall temperature of 473 
K. 
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Figure 4. Effect of the injection pressure on liquid (left) and vapour (right) width at 473 K wall temperature 

By increasing the injection pressure, the vapor phase increases prominently due to a finest atomization 
consequent the highest impact velocity and to an easier vaporization. The higher is the injection pressure, the 
longer is the width penetration because of the increased velocity (and the component parallel to the plate surface) 
of the impacting droplets. At impact completely developed, the gap between the curves slightly increases 
indicating a no-linear effect of the pressure on fuel slipping. Finally, the effect of the injection pressure was 
evaluated with respect to the thickness development, too. The results, here not reported for brevity, showed the 
vapour thickness increases with the increasing of the injection pressure while the liquid value remains stable 
around 2 mm and it is independent from the different injection pressures. More, liquid and vapour profiles begin to 
deviate each other just at the beginning of the impact, meaning that the existence of the vapour phase in addition 
to liquid one at 473 K as temperature of the wall is already present at the early stage of the impact and it is due to 
the vaporization process generated by the heat exchange with the plate.  

Summary and Conclusions 

Aim of this paper is a detailed understanding of the interaction and the heat exchange between injected fuel and 
heated wall under different engine-like conditions, studying both the liquid and the vapour phases as the wall 
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temperature varied from room to 573 K. Iso-octane was injected in a constant volume vessel, where gas was kept 
constant at atmospheric back-pressure and the injection pressure varied in between 5.0, 10.0, and 20.0 MPa. 
Mie-scattering and schlieren images techniques were coupled in a quasi-simultaneous timing to obtain 
information of both the liquid and the gaseous phases. A homemade software for the processing of the spray 
images was used to extract the diffusion and evaporation parameters that characterize the impingement of the 
fuel. 
The optical technique combined with the adopted image processing procedure were well suitable to capture the 
peculiarities of the diverse phases of the fuel and were sensitive to the governing parameters:  

• temperature: a scaling behavior of the liquid and vapor width/thickness vs. the time from the start of the 
impact 

• injection pressures: a proportional increasing of the fuel slipping both along the radial and vertical 
direction 

Finally, the data could be used to initialize and validate the spray-wall interaction models and to support the 
combustion system developments. 
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Introduction 

In the process of coating - such as found in photography, lamination or metallurgy,  a moving flat sheet of coated 
material (e.g. steel) emerges -- usually moving vertically -- from a bath of liquid coating material. Depending on 
parameters the resulting film formation process may be entirely laminar or turbulent [1]. This first stage  process 
of film formation ends before film solidification, thus temperature evolution and energy can be disregarded.  In 
some processes, the coat is complete after gravitational forming - in other applications it is modified. 
In this work, we indeed focus  on the second stage, which is modification of the formed coat/film by airflow, 
issuing from flat nozzles, known as "airknives".  They strip excess coat from the product, resulting in film thickness 
orders of magnitude smaller than that formed in the first stage  via gravity-governed flow. The airflow in the jets is 
strongly turbulent at Reynolds numbers Re > 15000, imposing high computation costs. Still, pressure profile 
converges to a bell-shaped curve centered at the impact line [2]. The resulting stresses modify liquid coat flow 
resulting in thinning of the coat above the  impact zone.  

Materials and methods 

Numerical investigation of the coating mechanism benefit if the deposit is created gravitationally, even in the high-
Reynolds number regime. Thus, our simulations include entire liquid coating basin filled with zinc,  and the coated 
band up to the height at which nozzles are located (0.4m) with additional  0.25m - tall zone above to 
accommodate  , resulting in a 0.65m - tall domain. In three dimensions, the upward-moving coated sheet/band is 
located in 0.2m wide domain's center. This, considering with a 10-100 �m coat thickness results in an extremely 
large range of scales. For a more precise study, we have also investigated another, more "academic" version of 
this study, wherein only half of the coated band is considered (with one air-knife present at its side) and a 
symmetry condition is used. Results from this setup are presented below. 
Due to extreme range of scales, we apply the grid-refinement technique (local AMR, [3] ) withing the in-house 
code Basilisk [5]. which is optimized for high efficiency in serial and parallel execution. The N-S solver uses finite 
differences, modern time progression schemes and Volume of Fluid  method to track the interface. Even with that 
precautions, the computational cost of such simulation is prohibitive for current computers. We therefore limit the 
AMR technique in such way, that full resolution can be attained only close to the air-liquid impact zone and inside 
the nozzle. The former of these areas is where the gas-liquid momentum exchange takes place, and liquid is 
thinned by the airflow. The latter is obviously crucial as we need turbulence to develop properly inside the nozzle. 

Results and Discussion 

The simulation involves fully realistic industrial parameters: liquid density �l and viscosity �l correspond to liquid 
Zinc  at �=6500 kg m3 and 0.00317 Pa s respectively. The upward-moving wall is first coated (the "first stage" 
mentioned in the Introduction) gravitationally, once it emerges from a bath full of liquid. The upward wall velocity is 
2 m/s, which  results in a turbulent withdrawal [1] (Re based on the zero-flux film thickness reaches 2500). One 
the coat is formed, airflow in the nozzle begins. The injection velocity uinj is 200m/s, flat profile is injected.  The 
distance between nozzle exit and the coated wall (and, hence, liquid film) is 1 centimeter. Coated wall is 0.512m 
tall, 0.15m wide (z extent) and 0.5mm thick. The nozzle slit is 1mm (measured along y axis). The nozzle is 0.25m 
wide (measured along z axis) and 0.511m long (measured along x axis). Naturally, the simulation domain is 
0.512m3. It has to be noted that at the moment, the Basilisk code supports square/cubic domains only. Masks can 
be used to limit the simulation region shapes to non-cubic, however to simplify implementation we opt for a non-
restricted, cubic domain with entire flow concentrated next to the 'x-' wall. Since air injection is defined on the 'x+' 
wall, air travels through entire domain length before issuing from the nozzle. This ensures - even numerically - a 
sufficient level of mixing in the airflow before it exits the nozzle. 
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Figure 1.  Film geometry at t=0.172s (i.e. 0.008s after impact). The nozzle, invisible in this visualization, extends in z direction 
and  has a form of two flat plates (both parallel to y) separated by a d-sized slit (1mm in the simulation shown above). A 

cutplane is shown at z=0 colored by vorticity.�

An example of a 3D coating simulation is visible in Figure 1 at 0.02s after the injection moment tinj. = 0.16s. In 
Figure 1, the interface is visible as a white/gray surface, with many ligaments and droplets in the impact zone. A 
cut-plane is placed at the z- wall, colored by vorticity �. This helps us recognize the location of the "air-knife" 
(whose solid wall are not visible in Fig. 1 in order to not obscure the flow).  We observe flat nozzle flow trace 
(along z axis). Pressure gradient restricts the flow within the film, so that a coat "bulge" is created below the 
nozzles with material crumbling down under gravity. Occasionally, the droplets impact back on the coat, resulting 
in circular wrinkles visible e.g. below the impact zone. The surface of the film is not strongly atomized, although it 
must be admitted that at the scale of Fig. 1, some small fluid packets might be simply to small to resolve visually, 
even if they're present in simulation. However, a stable thin film is created above the impact zone at thickness  
estimated at below 50 �m. This is a slight over-estimation compared e.g. to simplified model results of  Hocking 
[6] and most likely results from lack of resolution.  
Computational grid used for this simulation is non-uniform, with highest refinement level 12, which translates to 
minimal grid-size of �x=0.512/212=1.25 10-4m. (Some authors use the notion of grid equivalence between uniform-
grids and these locally-refined. In such case, the 212 grid has to be regarded as equivalent to a 40963 uniform 
grid).  Despite this low resolution, it is possible using the Volume of Fluid [7] method that a computational grid-cell 
exists which is only partially filled, thus resolved film thickness may be smaller than  �x. Unfortunately such 
results have still to be regarded as preliminary and imperfect, since e.g. velocity field in such a thin film can not be 
correctly resolved. Thus, it is expected that much higher resolutions are needed to resolve the post-impact film 
thickness.  

Figure 2 presents the side-view of the same moment in the simulated coating process as presented in Figure 1. In 
this view, the nozzle location is marked by semi-transparent dark region. Small liquid parcels are easily seen 
engulfed in the turbulent flow, some of them aligning with the vortical structures drawn in the back-drop cutplane. 
Note that Figure 2 is a three-dimensional image, thus we observe all droplets along the z-axis extent of the coated 
band at once. This effect of perspective has to be taken into account when examining Fig. 2, for example, 
accumulation of droplets is in fact somewhat lower than suggested by this image.  
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Figure 2.  Film geometry at t=0.172s (i.e. 0.008s after impact) i.e. for exact same moment as presented in Figure 1.  Lateral 
view with nozzle location marked by darkening. Decreased resolution far from the film is easily visible in the right hand side, 

upper part of the image.�

Other useful fact that can be derived from Figure 2 is how the liquid packets are treated with lower resolution far 
from the film. We observe large grid-cells on the green cut-plane (colored by �), but also, below the nozzle walls, 
we observe ejecta that is much less resolved that small droplets close to the impact zone. This is a result of 
intentional decrease of grid resolution far from the region of interest, and is a means to make the simulation 
feasible. 

The simulations here are first of their kind, as the coating and airflow-coat interactions have never been simulated 
by a DNS approach with such detail in three dimensions. Previous results, e.g by Myrillas et al [8], have only 
provided  time-averaged profiles of film shape. These profiles included no transient effects, and were two-
dimensional. Simulations presented in this work are 3D and are eventually intended to reach the DNS resolutions 
close to the film.  Results are expected to improve the control of the process in industrial practice (e.g. edge 
effects) and validate our analytical predictions for, among others, coat thickness above the injector, or the flow 
within heavy liquid during film formation. It is believed that by gradually converging the  simulation resolution 
parameters  to real-life values  - which has to be accompanied by an increase in CPU processing power required 
- we will be able to achieve full stripping simulation which yields prediction about both film thickness and possible 
edge effects resulting from the interaction with airflow.  

Nomenclature 

u velocity [m s-1] 
uinj gas injection velocity [m s-1] 
� vorticity [Hz] 
�l liquid density [kg m3] 
�l liquid viscosity  
m mass [kg] 
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Introduction: the DNS multi-phase code Free Surface 3D (FS3D)

Free Surface 3D (FS3D) is a multi-phase solver for the incompressible Navier-Stokes equations:

(∂ρu)

∂t
+∇ · [(ρu)⊗ u] = −∇p+∇ · S+ ρg + fσ (1)

Space discretization is based on finite volumes on a Cartesian grid. According to the VOF approach [1], the

interface of the i-th phase is tracked by solving a transport equation for fi:

(∂fi)

∂t
+∇ · (fiu) = 0 (2)

where fi is the volume fraction of the considered phase in the considered control volume.

Figure 1: Schematic overview of FS3D’s numerical methods.

Representation of embedded boundaries

Similarly to [2], embedded boundaries are represented by their volume fraction fb and their surface is approximated

with the PLIC [3] scheme. The boundary is treated as a rigid body with infinite density. As a consequence, the

fluid cannot enter those boundary cells (0 < fb < 1) where the boundary occupies (fbMCV > 0) 5 (3 in 2D) of the

surrounding momentum control volumes (see figure 2). We bypass this problem with the following strategy:

• Identification of critical boundary cells (slave cells).

• Linking of slave cells to their neighbour (master ) in the direction of the largest normal component nb.

• VOF-advection in master-slave couples.

Figure 2: Left: "critical" boundary cell. Right: linking of this slave cell with its master. The vector eS is the direction

of the largest component of the normal vector nb.
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FS3D’s split advection scheme

VOF-advection occurs separately in each spatial direction [4], [3]:

f∗i − fn

i
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= −
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2
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1

2
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i ]
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2
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The first term on the right hand side is the contribution of the numerical fluxes through the cell boundaries; the

second term is the divergence correction. Each one dimensional step in equations (3) requires three sub-steps:

• Interface reconstruction: calculation of interface position and interface normal vector nb.

• Geometrical calculation of the numerical fluxes F .

• Update of f by means of equations (3).

Each sub-step was adapted to the presence of the embedded boundaries.

Flux calculation in merged (master-slave) cells

An averaged velocity on master-slave upstream faces is used for geometrical calculation of the numerical fluxes

(see figure 3).

Figure 3: Left: velocity averaging on master-slave faces. Right: example of flux calculation in master-slave cells.

VOF-update in master-slave cells

Equations (3) are re-formulated as follows:

f∗i − fn

i

∆t
= −

FOUT − FIN

ViS
+ ViM

+ [(1− β)fn

i + βf
∗

i ]
V̇OUT − V̇IN

ViS
+ ViM

(4)

The divergence correction is modified to account for the presence of the boundary (see figure 4).

Figure 4: VOF-update in master-slave cells for the case ea · eS = 0, where ea is the advection direction, eS . the

direction by the largest nb component in the slave cell.
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Results

Results The method has been tested for drop impact on different geometries. The results for drop impact on

hemispherical features are shown in figure 5.
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Figure 5: Results for drop impact on hemispherical features for 128× 64× 128 computational cells.
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Introduction 

The understanding of the atomization process in energy generation is of fundamental relevance to achieve a cleaner 
combustion able to reduce the environmental impact. However, such an understanding is still not available due to the 
complex nature of this kind of multiphase flow. Multiphase DNS simulations are one of the most useful tools to obtain 
flow characteristics that can be effectively used to understand the flow physics and to interpret available experimental 
data. 

As already proved in previous works [1], in this kind of simulations, the boundary inlet conditions for the spray are of 
great importance in order to accurately model the atomization process. In fact, it has been proved that turbulence is 
one of the main mechanisms that enhance and accelerates atomization process [2]. 

The present work aims to study the behavior of internal flow and effectively link it to the external flow. For the internal 
flow simulation, a Large Eddy Simulation approach has been used to model the turbulence structures inside a 
turbulent pipe (Re=5050). The open source code OpenFOAM has been chosen as a simulation environment, while an 
incompressible Wall Adaptive Local Eddy viscosity model has been selected to model the subgrid turbulence 
behavior. The simulation domain consists of a cylindrical pipe of L/D= 8, with a diameter of 90 μm.  

 
Material and methods 

For the external flow modelling, Direct Numerical Simulation (DNS) has been used due to its capability of providing a 
high amount of data on both space and time, while modelling all scales of motion in the flow. In this work the one-fluid 
method described in [3] and implemented in the PARIS-Simulator is used.  

The main aim of this work is to effectively and accurately correlate the turbulence properties extracted from the 
analysis of the internal flow to the spray simulation though an algorithm for boundary condition generation. The 
algorithm used in this work is a Digital Filter Based Method from [4], which allows to control the size of the turbulent 
structures, their location and their temporal distribution, while maintaining the random behavior typical of the turbulent 
flows. This method calculates punctually the velocity turbulent component as: 

 

(1) 

Where  are the filter coefficients,  are the zero-mean random data series components,  represents the filter 

support length and  indicates the grid point.  

In order to determine the  filter coefficients, the assumption of a fully developed homogeneous turbulent field is made 

in [4], consequently the autocorrelation from [5] for the 

mp

 is used as: 

 

(2) 

Where  is the prescribed integral scale and  is the distance vector. Through the correction of these coefficients the 

temporal and spatial distribution of the turbulence can be adjusted, acting on the integral length scale, adequately 
interpreted for the time.  
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Finally, the velocity profile, as well as the radial turbulence distribution, needs to be implemented in the code. The 
velocity profile can be implemented once the linear wall correlation and the log-law wall respectively have been 
verified for the inner nozzle flow upstream of the spray simulation: 

 
(3) 

Where κ is the von Karman constant and B is a fitting constant.  

In order to determine the turbulence radial distribution, the coefficients of the diagonal form of the Reynolds stress 

tensor   must be determined as function of the radius, so that the determination of the velocity can be achieved 
through the equation below: 

 
(4) 

Where  is a correlation derived from the solution of equation (3), by determining  and  through the LES 

analysis and  is the turbulence intensity. The velocity profiles, as well as the turbulence distribution and maximum 

intensity can be obtained from the statistical analysis of the internal flow and validated against experimental results [6] 
and DNS results [7]. 

 
Results and Discussion 

In Figure 1 the external spray (left) and vorticity (right) are depicted for two different cases. In the upper part, the case 
without considering turbulence inside the nozzle (flat profile without any velocity fluctuation) is represented. In the 
lower part, the case with a turbulence intensity of 5% and integral Length scale of L=0.1 D is shown.  
 

 
Figure 1. External appearance of the atomization process and vorticity for cases without turbulence inside the nozzle (upper part) 

and considering turbulence inside the nozzle (lower part). 
 
As it can be noted, the atomization in the case where a flat velocity profile is used and turbulence is not considered 
(upper part of Figure 1), the atomization is very poor. In this case, it can be seen a long non-perturbed external length 
characterized by the presence of small quantity of droplets and atomization is produced mainly in the front of the 
spray, near of the spray tip characterized  by the typical mushroom shape where, as can be seen in the upper part 
(right) of the Figure 1 vorticity is higher. On the other hand, in the case where a real velocity profile provided by LES 
simulation of the nozzle flow and so, considering turbulence, depicted in the lower part of that Figure, atomization 
starts faster and, therefore, closer to the nozzle exit. It can be noted that the number of droplets dramatically 
increases. In the right-hand picture, the vorticity field is depicted where it can be highlighted that maximum values are 
not only located in the front of the spray but even closer of the nozzle exit. 
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In Figure 2, the intact core length for the case considering turbulence is depicted. In the top, the time-averaged of the 
fuel volume fraction field is shown, where the typical cone shape representing the maximum probability of finding pure 
fuel is clearly seen. The same information is depicted in the bottom of the Figure but in this case for a given instant, 
and so, showing a more chaotic behavior.  
 

 
Figure 2. Time-averaged internal core length and instantaneous core length for the case considering turbulence inside the nozzle 

(Intensity, I= 5%, turbulence length scale L=0.1 D). 

 

As a conclusion, it can be drawn that VOF DNS-like simulations are a powerful tool to study the mechanisms that 
enhance the atomization and it is of primary importance to take into account the turbulence generated in the nozzle 
since turbulence greatly improves atomization process, increasing the number of droplets and drastically reducing the 
external non-perturbed length and intact-core length. Further details on this investigation can be found in [8]. 

 

 
Nomenclature 

B Logarithmic law constant [-] 
D Nozzle Diameter [m] 
I Turbulence Intensity [%] 
L Turbulent lengthscale [m] 
R Autocorrelation function [-] 
Re Reynolds number [-] 
U Velocity mean component [m/s] 
b            Filter coefficient [-] 
d Distance vector [m] 
n Discrete lenghtscale [m] 
r Random component [-] 
u  Velocity field [m/s] 
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u’ Velocity fluctuating component [m/s] 
y+ Non-dimensional wall distance [-] 
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Introduction 

This project aims at investigating droplet-related phenomena, especially the influence of forces acting on the surface. 
To this end, we visualize interface deformation using two quantities: interface stretching and interface bending. This 
allows the visual analysis of droplet behavior and interface-related forces, such as the surface tension force and forces 
induced by Marangoni convection. For the latter, we show an application case for debugging and aiding the 
implementation of the Marangoni term in the solver Free Surface 3D (FS3D) [1]. Furthermore, we demonstrate the 
usefulness of our approach for prediction of droplet breakup. 
 
The simulation data used in this context was generated by the solver FS3D and consists of a volume of fluid (VOF) [2] 
field and a velocity field, stored on a rectilinear grid. For interface reconstruction, piecewise linear interface calculation 
(PLIC) [3] was used. This is the same method as in FS3D and therefore yields results closest to the simulation 
concerning the surface and the topology of the fluid phases. 
 
Interface Stretching 

As a measure for interface stretching, the metric tensor is used, which represents the first fundamental form from 
differential geometry, defined for the deformation rate of the fluid surface. This technique was already introduced by 
Obermaier et al. [4]. Note that, while we are speaking of interface stretching, we acknowledge the fact that there cannot 
be an actual stretching because on a molecular view, this means that whenever the interface is stretching, molecules 
are just moving from the inside of the fluid to the interface. However, we use this expression as it conveys the idea as 
easily and graphically as possible. 
 
To calculate the deformation gradient tensor F for a single time step, we can solve the equation  

 !" =  ! +  # = ($ + %& ') ! = * !,  (1) 

with displacement  !, the change of displacement, #, the identity matrix $, the Jacobian matrix %& of the velocity field 

&, and the time step  '. Using two orthonormal vectors on the PLIC interface and generating the matrix - = (./0 .1), 

we get the metric tensor defined on the PLIC plane spanned by 2340 356 as  

7 = (!")#(!") (2) 

From this, the eigenvectors and corresponding eigenvalues can be calculated. While the square roots of the eigenvalues 

$% = &'% directly give the stretching factors, thus $% > 1*indicating stretching and $% < 1 indicating contraction, the 

eigenvectors +, have to be transformed back to 3D space by multiplying with the matrix of the PLIC vectors, hence 

+,- = "+,. They represent the stretching direction. 

 
Interface Bending 

As interface bending, we understand the change of curvature at an interface position . from one time step to the next. 

For its calculation, we now use the shape tensor. This tensor can be calculated from the paraboloid difference of two 
paraboloids fitted to the interface using least squares, one for the original interface positions, and one for their convected 
counterparts, as shown in figure 1. The idea to calculate the interface curvature from paraboloid-fitting was discussed 
by Popinet [5] and is part of the method used in the solver FS3D for the calculation of the interface curvature and the 
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surface tension force. The convection is computed by using a modified, local velocity field, where for the neighborhood 

around a position  !, the velocity is set to  

"#( $) = "( $) % "( !) % & ×  '. (3) 

Here, the advection velocity is set to the original velocity minus the velocity at the center and a possible rotation of the 

interface, where & is the average angular velocity. This ensures, that both paraboloids share the same origin and 

orientation. An example of this is shown in figure 1. The set of advected interface points is thus given by 

 $* =  $ + ,-."#( $). (4) 

The paraboloid difference is then /0 = /102 % /34'5 = 6789 + 6:;9 + 698; and can be used to define the shape 

tensor 

< = >?67 69
69 ?6:@. (5) 

From this, the principal curvatures A:B9 and their corresponding directions CDBE can be calculated. While the directions 

show again the orientation, the principal curvatures represent the respective curvature change, with A' F G indicating 

an increase in convexity, and A' H G an increase in concavity. 

 

          

(a)                                                                                        (b) 

Figure 1. Advection of interface points. In (a) one can see the original interface points and the modified simulation velocity on the 
PLIC interface. In (b), both the original and the advected points are shown. 

 
Results and Discussion 

In this section, we show the usefulness and applicability of our approach using two datasets. On the first one, a dataset 
from simulating two rain drops colliding in an off-center heads-on collision, we discuss interface stretching. On the other 
one from a simulation of two coalescing droplets, we demonstrate the application of interface bending. In both cases, 
we use colored tube glyphs, their orientation visualizing the direction of stretching and bending, respectively, and the 
color indicating their magnitude. 
 
Colliding rain drops 
In figure 2, the visualization of interface stretching is presented. For magnitudes larger than one and indicating stretching 
we use red, for magnitudes smaller than one and indicating contraction we use blue. For values close to one, the color 
is gray. As the values can lie between 0 and infinity, logarithmic scaling is applied. In figure 2 (a) and (b) you can see 
the larger and the smaller eigenvalues and eigenvectors, respectively. Looking at the tunnel-like structures, one can 
observe that there is an elongation along the tunnel and a contraction perpendicular to that. This indicates that the fluid 
is moving from the tunnels into the larger formations, while at the same time the tunnels are becoming thinner. From 
this, one can predict that the tunnels are going to collapse and the formations break up into droplets. This is supported 
by the topology of the subsequent time steps in figure 2 (c) and (d) which indeed show a droplet breakup. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 2. Interface stretching. In (a), the larger eigenvalues and corresponding eigenvectors are shown in red. In (b), analogously, 
the smaller values are visualized indicating contraction in blue. Subsequent time steps are depicted in (c) and (d). 

 
Coalescing droplets 
To show the usefulness of the visualization of interface bending, we apply it to a dataset which was generated in a 
simulation performed by the FS3D solver considering Marangoni convection in a work-in-progress implementation. The 
start configuration of the simulation consists of two droplets, one water droplet on the left and one ethanol droplet on 
the right, at the onset of coalescence. Due to the resulting gradient of the surface tension force, the Marangoni 
convection induces a force that acts along the surface. This leads to the coating of the left droplet with fluid of the right 
one. In figure 3, interface bending is visualized with red glyphs for an increase in concavity and blue glyphs for an 
increase in convexity. Gray glyphs indicate no change for values around zero. One can observe a capillary wave forming 
at the junction of the two coalescing droplets and moving along the surface to the left. This is an expected phenomenon. 
Here, our method helps in identifying this wave: in front of the wave we can see an increase in convexity and behind an 
increase in concavity. Thus, by only looking at a single time step, we can assess the movement of the wave. 
 

 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

Figure 3. Interface bending. The time steps from (a) to (d) show an increase in concavity in the upper row and an increase in 
convexity in the bottom row. Because of symmetry, both rows show the same dataset mirrored on the x-axis. 
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Introduction 

Drop evaporation in gaseous flows is of fundamental importance for a wide range of engineering applications 
(automotive, aeronautic, fire suppression, painting, medical aerosol, meteorology, etc.). This process involves 
simultaneous heat and mass transfer and a wide literature is available on the modelling of the complex physical 
phenomena involved (see [1] for a recent review on the subject). Liquid droplets interacting with the carrier gas 
phase are subject to deformation, due to the interaction of surface tension and fluid-dynamic stresses on the drop 
surface. While surface tension force induces a spherical shape, fluid-dynamic forces are the primary sources of 
drop deformation. This is clearly evident in case of liquid drop with Weber number above 2, typical of spray 
combustion applications, which are appreciably non-spherical. The simplifying hypothesis of drop sphericity, 
which is the basis of all the models currently implemented in CFD codes for spray analysis [2], can only be 
considered as an idealisation. Recently [3], this hypothesis was removed, developing analytical solutions to the 
problem of heating and evaporation from spheroidal and triaxial ellipsoidal drops. The present investigation aims 
to extend the previous work, proposing a model based on the analytical solution of the species and energy 
conservation equations within the gas phase surrounding a single-component deformed drop and to analyse the 
effect of local curvature on the local evaporation and heat fluxes for a wider range of drop shapes.  

Mathematical modelling 

The species conservation equations for a single component drop evaporating under quasi-steady conditions are: 

( ) ( )0 0 1
p

j j
N p ,∇ = =                                                  (1) 

where:  

( ) ( ) ( ) ( )
10

p T p p

j j j
N N y cD y= − ∇                                                              (2) 

are the molar fluxes, p=1 stands for the evaporating species while p=0 for the non-evaporating one,  
( ) ( ) ( )0 1T

j j j
N N N= + and y(p) is the molar fraction of the species p and c is the molar gas density that, under the 

assumption of ideal gas mixture, can be calculated as: 

T
P

c
RT

=                                                                                        (3) 

To notice that the usual way to approach this problem is by using a mass form of the species conservation 
equations (see [2]), but it can be shown (see [4]) that for single component drops the two approaches are 

equivalent and the mass flux can be obtained by ( ) ( ) ( )p p p

j j
n N Mm= . 

Assuming that the non-evaporating component  p=0 does not diffuse into the liquid and considering that, for the 
quasi-steady approach, the drop surface is assumed to be still, the molar flux of this species is nil everywhere 
and: 

( )1

10

T

j j j
N N cD H= = ∇

                                     
(4) 

where ( )( )0
ln=H y . Summation of equations (1) yields the mass conservation equation:  

( ) 0
j j

Uρ∇ =                                                               (5) 

and, since under the mentioned assumptions: ( ) ( ) ( ) ( )1 1T T

j j j j
U n n Mm Nρ = = =  , equations (4) and (5) yield:

2 0H∇ =                                                    (6) 

The steady energy equation, assuming constancy of the thermo-physical properties, using equations (5) and 
neglecting some minor terms (see [5] for a more detailed discussion), becomes: 
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2 0j j MH T Le T∇ ∇ − ∇ =                                      (7)
  

where the modified Lewis number is defined as: ( )( )1

10M p
Le k Mm cD c= .

1.1.  Coordinate systems and solutions 
Equations (6) and (7) must be solved imposing boundary conditions at the drop surface and at infinity. For the 
present analysis the condition on the drop surface and at infinity will be assumed of Dirichlet type and uniform, 
i.e.: 

( ) ( )
( ) ( ) ( ) ( ) ( ) ( )

0

1 1 1
0

;

;

s

sat s

T T T T

y y T y y

ζ ζ ζ

ζ ζ ζ

∞

∞

= = = ∞ =

= = = ∞ =
                                                                                    (8) 

The problem set by equations (6), (7) and (8) is clearly independent of the choice of the coordinate system and 
holds for any shape of the evaporating drop. However, proper choices of coordinate systems allow simpler 
solutions for a variety of drop shape. In the present work five curvilinear orthogonal coordinate systems are 
considered: spherical, prolate and oblate spheroidal, inverse prolate and oblate rotation cyclide, which are defined 
as follows [6]: 

( )

( )

( )

2
2

2
2

1 cos , cos

1 sin , sin

,

x a

y a

z a

ζ α
η ϕ ζ η ϕ

ζ α
η ϕ ζ η ϕ

ζη
ζ η

+
= − = Φ

Θ

+
= − = Φ

Θ

= = Ψ
Θ

                                                                                    (9) 

where the values of α and Θ are given in table 1 for the selected coordinate systems. 

Table 1. Parameters of the selected coordinate systems [6]. 

Shape  α  Θ 
 

Jn(ζ) 

Sphere  0 1 0 � ζ < 1 ζ (n+1)

Oblate  +1 1 0 � ζ < � Qn(iζ) 

Prolate  -1 1 1 � ζ < � Qn(ζ) 

Inverse oblate  +1 ζ 2+α (1-η 2) 0 � ζ < � Pn(iζ) 

Inverse prolate  -1 ζ 2+α (1-η 2) 1 � ζ < � Qn(ζ) 

The drop surface is always defined by the equation ζ = ζ0, although it must be noticed that the coordinates η and 
ζ have different definitions in the different coordinate systems, as an example, ζ = R0/r and η = cosθ for the 
spherical coordinates, where R0 is the radius of the spherical particle defined by the equation ζ = 1 (i.e. ζ0 = 1). To 

notice that for a general shaped drop, an equivalent radius can be always defined as: 3
0 3 4R V π= , where V is 

the drop volume. In the following, the drop surface will be always defined to maintain the same equivalent radius 
to allow a direct comparison of the evaporation characteristics of different shaped drops having the same volume. 
Spheroidal drops appear when drop oscillation is considered. The oscillation mode n=2, which is the long lasting 
one since viscous damping is more intense for the higher modes, it is in fact characterized by an oblate-prolate 
shape alternation. Drops of different shapes can be found in other kind of process, for example the head on 
impact of two drops at low velocity shows shapes that can be well approximated by rotational cyclides,  as 
reported for example, in [7]. These shapes can be easily approximated in inverse oblate and inverse prolate 
coordinates [6]. 
The solutions of equations (6) and (7) assume the following forms: 

( )
( )

( )
( )

( )01 2 1 2
0

10 0 0

ζ ζ
η

ζ ζ

∞

∞
=
�= Θ + Θ +

n
n n

n n

J J
H g g P H

J J
                                                                   (10) 

( )

( ) ( )
( )

1 1

∞

∞

∞ ∞

−
−∞ ∞

− −

− −
= +

− −

s M

M

s M s M

H H Le
H H Les s

H H Le H H Le

e T T T T
T e

e e
                                                                   (11) 

where the function Jn are defined in table 1 for the different coordinate systems. 
The normal component of the sensible heat flux at drop surface is:  
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0

1 T
k

h
ζ

ζ ζ

ϕ
ζ

� �∂
= − � �

∂� �
                                   (12) 

where hζ is the proper scale factor.

2.  Mass fluxes and surface curvatures 

The vapour fluxes at drop surface can be found, from their definitions (4), once the function H is calculated. The 
available results on evaporation from non-spherical drops have considered that a direct relation between flux and 
surface curvature should exist. For example [8] assumed a proportionality between the vapour fluxes at drop 
surface and the mean curvature. Recently [3], it has been proven that for spheroidal drops there exist a perfect 
proportionality of the vapour flux with the fourth root of the Gaussian curvature. However, for a general drop 
shape the one-to-one relationship between vapour flux and local curvature has been only conjectured. The results 
of this investigation prove that such a conjecture cannot be supported by theory. 
The principal curvatures of a generic rotational surface defined parametrically as:  

( ) ( ) ( )0 0 0x , cos ; y , sin ; z ,ζ η ϕ ζ η ϕ ζ η= Λ = Λ = Ψ
     

                                 (13)

can be calculated as: 

( )

( ) ( )
1 23 2 1 2

2 2 2 2
/ /

sign
k ; k

ηη η η ηη η

η η η η

� 	− Λ Λ Ψ − Λ Ψ Ψ
 �= =
Λ + Ψ Λ Λ + Ψ

  
                 (14)

and the corresponding Gaussian and mean curvatures are defined as: 

1 2 1 2G mK k k ; C k k= = +
  

                     (15)

respectively. To generalize the analysis, considering that the drop size is always defined by the equivalent radius, 
the non-dimensional Gauss and mean curvature are defined as: 

2
0 0G G m mK R K ; C R C= =                                   (16) 

In the next session the relationship between these curvatures and the corresponding non-dimensional vapour 
fluxes: 

( )

1
0

10

ζ
ζ

ρ ∞

=
−

( )

,ad
s

n R
n

D H H   
                     (17)

which are independent of the species properties, will be analysed. 

3.  Curvature map and vapour fluxes 

From equations (16) the Gauss and mean non-dimensional curvatures can be calculated for the above reported 
drop shapes. Figure 1(a) shows a sample of the contour distribution of the two non-dimensional curvatures for two 
rotational cyclides (inverse oblate and inverse prolate), while figure 1(b) shows the corresponding 2D map for all 
the selected drop shapes. Different shapes are characterised by different non-dimensional local curvatures as a 
function of shape (i.e. ζ0) and position on the surface (i.e. η), and the map shows that there exists a relatively 
narrow region where four drop shapes, namely oblate and prolate spheroids, inverse prolate and oblate cyclides, 
have the same Gauss and mean curvature in some positions over the drop surface.  
Since the curvature characteristics of a surface are completely defined by these two curvatures, the existence of a 
direct relationship between surface curvature and vapour flux would imply that the four drops have the same 
vapour fluxes at the locations where the curvatures are the same.  
Figure 2 reports the map of the non-dimensional vapour flux for the four surfaces, calculated into the above 
mentioned overlapping region. The shape of the map for the oblate/prolate spheroids confirms the known direct 
dependence to the fourth root of the Gaussian curvature, a results that was established not only for spheroidal 
shapes but also for triaxial ellipsoids (see [3]). However, the map for the other two drop shapes shows a quite 
different dependence.  
This proves that the vapour flux from a deformed drop cannot in general be only a function of local curvature. This 
does not disprove the above mentioned results for ellipsoidal drops, in the sense that it is possible, as above 
stated, that for a certain class of shapes a relationship exists, but this cannot be considered a general rule. 
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                                                (a)                                                                                           (b) 

                   

Figure 1. (a) Samples of contour distributions of Gauss and mean curvatures for two rotational cyclides; (b) map 
of Gauss and mean surface curvatures for different drop shapes. 

                                (a)                                                        (b)                                                        (c)

Figure 2. Map of the non-dimensional vapour fluxes for (a) the oblate and prolate spheroids, (b) the inverse 
oblate and (c) inverse prolate cyclides, calculated into the overlapping region.    

4.  Conclusions 

An analytical model has been developed to calculate the drop evaporation accounting for the effect of drop 
deformation. The model is applied to five drop shapes, namely the sphere, the oblate and prolate spheroids, and 
two rotation cyclides (inverse oblate and prolate spheroids). Some common simplifying hypotheses, like steady-
state, constant gas properties, single component drop, are assumed. The conservation equations are solved in 
each natural coordinate system, depending on the drop shape, imposing uniform Dirichelet boundary conditions 
at the drop surface and at free-stream. The local vapour flux over the drop surface is calculated and correlated, 
where possible, with the local curvature. It is confirmed that for spherical and spheroidal drops the local vapour 
flux is proportional to the fourth root of the surface Gaussian curvature, and this result can be also extended to 
triaxial ellipsoidal drops, while for inverse spheroidal drops the local fluxes depend both on the local curvature and 
the whole drop shape. 
This proves that the local vapour flux from a deformed drop cannot in general be only a function of local 
curvature, although this can happen for certain classes of drop shapes (like for ellipsoidal drops).
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INTRODUCTION 

The process of liquid drop evaporation has wide range of applicative fields like spray combustion, spray painting, 
fire control, medical applications, etc. [1]. The modelling of evaporation of liquid droplets in gaseous environment 
has been extensively studied since Maxwell proposed the first model [2]. The classical approach for modelling this 
problem includes some assumptions like drop sphericity, constant gas density and properties, ignoring the Dufour 
and Soret effects, etc. 1-D analytical approach for modelling evaporation of deformed droplet was developed in 
[3]. The effect of non-uniform drop surface temperature on the heating and evaporation of spheroidal droplet was 
initially studied in [4], which proposes an analytical solution for the steady-state species conservation equations 
and a numerical solution for the energy equation for spheroidal drops in gaseous mixture, imposing non-uniform 
drop temperature profiles. The results suggested that the correlation of the vapor flux as function of the Gaussian 
curvature [3] holds only with uniform drop temperature case. The application of the model to the study of the 
transient drop heating and evaporation was first proposed in [5], enlightening the contribution of drop temperature 
non-uniformity on heat and mass transport within the liquid phase. The present work extends the model to general 
non-uniform Dirichlet boundary conditions, including the variation of the drop temperature along the azimuthal 
angle, proposing a fully 3-D analytical solution of the species conservation equation for spheroidal drops. The 
next sections describe the mathematical modelling and the analytical solution proposed, followed by same 
samples of the results obtained applying the model to spherical and spheroidal geometries under different 
operating conditions. Extension to the solution of the energy equation will be part of a future work. 

MATHEMATICAL MODELLING 

CONSERVATION EQUATIONS 

The steady-state species conservation equations can be written in the general form for a binary system as: 
( )

0
α

∇ =j jn
(1) 

where the mass flux ( )α
jn (with α = (1, 2) for gas and vapour, respectively) assumes the form:

( ) ( ) ( )α α αρ χ ρ χ= −j j vn U D
(2) 

where ( )
( )α

α ρ
χ

ρ
=  is the mass fraction, Dv is the mass diffusivity and Uj is the Stefan flow velocity. Using 

equations (1) and (2) and accounting for ( ) ( )1 2
1χ χ+ =  yields the usual mass conservation equation 

( ) 0ρ∇ =j jU . Assuming still drop surface and neglecting gas diffusion within the liquid phase yields nil gas flux 

everywhere. Defining ( )( )2
ln 1 χ= −G , the equation (2) becomes: 

= ∇j v jU D G (3) 

and under further assumption of constant diffusion coefficient, the Laplace equation for the variable G is obtained: 
2

0∇ =G (4) 

The steady-state energy equation, neglecting minor terms like dissipation by viscous stress, and assuming 
constant transport properties within the gas mixture (refer to [6] for  the complete expression), can be written as:  

2

ρ
∇ = ∇j j

p

k
U T T

c

(5) 

Using equation (3), equation (5) becomes:

2
0

ρ
∇ ∇ − ∇ =

p v

j j

c D
G T T

k

(6) 

The present model proposes an analytical solution of equation (4) for spherical and spheroidal drops, imposing 
non-uniform Dirichlet boundary conditions at the drop surface. 
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SOLUTION IN SPHERICAL AND SPHEROIDAL COORDINATE SYSTEMS 

                                                           (a)                                                                                                         (b) 

                    
Figure 1: (a) Spheroidal coordinate system configuration: oblate (left), prolate (right). (b) η-profiles of the variable G at the drop 

surface for the different test-cases investigated. 

The Laplace equation (4) was solved in spherical and spheroidal oblate and prolate coordinate systems, which 
definitions are given by the equations (7) (refer to figure 1a for a schematic configuration) [7]:  

2 2 2 21 cos ; 1 sin ;ζ α η φ ζ α η φ ζη= + − = + − =x a y a z a
(7) 

where α is equal to 0, -1, +1  for the spherical, prolate spheroidal and oblate spheroidal geometries, respectively. 
The drop surface is always defined by the equation ζ = ζ0, although it must be noticed that the coordinates η and 
ζ have different definitions in the different coordinate systems, as an example, ζ = R0/r and η = cosθ for the 
spherical coordinates, where R0 is the radius of the spherical particle defined by the equation ζ = 1 (i.e. ζ0 = 1). To 

notice that for a general shaped drop, an equivalent radius can be always defined as: 3
0 3 4R V π= , where V is 

the drop volume. In the following, the drop size will be always defined to maintain the same equivalent radius 
allowing a direct comparison of the evaporation characteristics of different shaped drops having the same volume. 

The scale parameter in equations (7) is defined as 

1 2
2

0 1 3

1 ε

ε

−
=a R , where  z

r

a

a
ε =  is the deformation parameter 

defined with respect to the axial (az) and radial (ar) semi-axis. The analytical solution for the Laplace equation (4) 
assumes the following form [7]: 

( ) ( ) ( ),
,

cosζ η ϕ∞ �− = m
n m n n

n m

G G g W P m (8) 

where ( )ηm
nP are the associated Legendre functions of the first kind [8] and the functions ( )ζnW depend on the 

coordinate system: 

( )
( )
( )

( )
( )
( )

( )
( )
( )

1

1
0 0 0 0

; ;
ζ ζ ζ ζ

ζ ζ ζ
ζ ζ ζ ζ

+

+
= = =

n m m
n n

n n nn m m
n n

Q Q i
W sphere W prolate W oblate

Q Q i (9) 

where m
nQ are the associated Legendre functions of the second kind [8].  

The coefficients gnm are calculated imposing the boundary conditions at the drop surface. The values of the drop 
temperature on the drop surface are imposed and the corresponding values of the variable G are calculated 
assuming that the vapour is saturated in the region close to the liquid/drop interface. To notice that the function G
on the surface is monotonically decreasing with surface temperature. The selected profile of the temperature and 
the function G at the drop surface should satisfy some constrains: the symmetry conditions at the pole 1η =

yields 0η∂ ∂ =G ; the symmetry at the equator yields ( ) ( ), ,η ϕ η ϕ= −s sG G . Furthermore the knowledge of the 

minimum and maximum values of the temperature profile, and then of the function G on the surface, assumed 
monotonic along the variable η, assures the closure of the problem. Figure 1(b) shows a sample of the distribution 
of G as function of the coordinate η along the drop surface, for three values of the azimuthal angle ϕ.   
Once the solution of the species conservation equation is obtained, the vapour fluxes can be calculated along 
each coordinate directions:  

( ), , ,ρ ζ η ϕ= ∇ =v j v jn D G with j (12) 

where the gradients of the variable G assume the form:  

( ) ( ) ( )'
,

,

1
cosζ

ζ

ζ η ϕ�∇ = m
n m n n

n m

G g W P m
h

(13a) 

( ) ( ) ( )'
,

,

1
cosη

η

ζ η ϕ�∇ = m
n m n n

n m

G g W P m
h

(13b) 

( ) ( ) ( ),
,

1
sinϕ

ϕ

ζ η ϕ�∇ = − m
n m n n

n m

G mg W P m
h

(13c) 
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