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Chapter 1. TECHNOLOGICAL FRAME OF REFERENCE 

1.1. Guidelines to Gas Turbine Emissions Reduction 

The mitigation of gas turbine emissions in terms of their environmental impact is a priority for 

both air quality (local impact) and the greenhouse effect (global impact). Current environmental 

emission concerns center around the airport community and, if not addressed, may threaten future 

growth of air travel. Air traffic is rapidly increasing today and projections estimate it will have 

doubled by 2020. Against this background, it is essential to consider the environmental impacts of 

aviation to ensure in advance that such a rate of development is sustainable. The health of 

populations in relation to air quality and the risk of climate change linked to the effects of 

greenhouse gases are two major concerns. The European Union and the U.S. Environmental 

Protection Agency (EPA) are applying pressure on the International Civil Aviation Organization 

(ICAO) that regulates aircraft emissions for additional nitrogen oxide (NOX) reductions from 

aircraft. The ICAO Committee on Aviation Environmental Protection (CAEP) is considering more 

stringent standards for engine emissions during landing and takeoff (LTO) cycle, that is to say 

below 900 meters altitude, as well as new standards for cruise operations. 

Combustors in most commercial aircraft today meet the current 1998 ICAO LTO NOX limits 

(see figure 1.1) with some margin, and concerns are increasing relative to cruise NOX emissions 

effects on the ozone layer and global warming. More stringent NOX limits could result in emissions 

landing fees on airlines or limited access to some countries or airports. In Europe, greater stringency 

in air quality directives is to be foreseen. The European Union recognized the need for NOX 

reduction in aircraft engines and has set a goal of 50% for CO2 and of 80% for NOX emission 

reductions by 2020 in a report entitled "The European Aeronautics: A vision for 2020". As regards 

United States, NASA recently proposed an Emissions Reduction Project within the so-called Ultra-

Efficient Engine Technology (UEET) Program and will work with the U.S. aero-propulsion 

industry to promote and develop combustion technologies to reduce NOX emissions by 70% over 
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the LTO cycle from 1998 ICAO standards with no increase in other emission constituents (carbon 

monoxide, smoke, and unburned hydrocarbons) and with comparable NOX reduction during cruise 

operations. 

 

Figure 1.1. Standard limits for admitted NOX emissions, expressed as mass of pollutant per unit 

of thrust. Allowed emissions increase with the engine pressure ratio. 

Whereas the reduction in CO2 (aiming to match the Kyoto protocol guidelines) will mainly be 

achieved by improvements in engine efficiency and aircraft performance characteristics, NOX and 

others species such as CO, UHC (Unburned HydroCarbons) and particulate emissions can be 

significantly reduced by focusing on combustor technology, in particular by introducing new 

concepts for injection systems. 

1.2. Strategies for NOX emissions reduction 

The problem of NOX is mainly connected to the level of temperature reached in correspondence 

of the reaction zone, often referred to as primary temperature. At least as regards the thermal 

amount of produced nitrogen oxides, it can be stated that an increase of the primary temperature 
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directly makes the NOX emissions grow. As reported in figure 1.2, the amount of emitted NOX 

becomes unacceptable if the primary temperature overcomes the value of 1900 K. On the other 

hand it must considered the more complex dependence of CO emissions from temperature. In order 

to ensure the fulfillment of the emission standards for carbon monoxide, the temperature should not 

be allowed being below about 1670 K. As a consequence the combustor is required to operate 

within a very narrow band of admitted primary temperature. Further emphasis must be placed on 

the local nature of this constrain, because the presence of even small regions at higher temperature 

would push up NOX emissions beyond admitted limits. Finally temperature must be kept within the 

allowed band over the entire power range of the engine. 

 

Figure 1.2. Level of emission of CO and NOX as a function of the primary temperature reached 

in the reaction zone of the combustor (adapted from Lefebvre, 1995) 

Several strategies for primary temperature containment have been so far developed. In order to 

control the temperature pattern across the combustor it is possible to introduce flexibility in the air 

feed system. Air distribution can be modified as the regime of the engine varies. Another classical 

approach is the already mentioned staged combustion, which allows switching the fuel feed from 
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one zone to another in dependence of the power requirement. 

Wet low NOX strategy relies on the injection of water (or steam) directly into the combustion 

zone, so exploiting the high thermal capacity of water to subtract heat and lower the temperature. 

The potential of this approach for NOX reduction is counterbalanced by a number of drawbacks, 

connected to cost increase, higher fuel consumption and poorer combustor performance in terms of 

stability and CO and UHC emissions. In addition such kind of solution is obviously unfeasible for 

aircraft applications. This encouraged the development of dry low NOX combustors, among which 

should be mentioned combustors based on the Exhaust Gas Recirculation (EGR) approach, catalytic 

combustors, RQL combustors and LPP combustors. 

The idea to exploit a heat sink different from either water or air (this latter contains O2 and so 

modifies the equivalence ratio) led to the development of the EGR approach. Exhaust gases are to 

the combustion zone, so realizing ultra-lean conditions in which the combustion process is sustained 

by the sensible enthalpy of the diluting gas (MILD combustion). 

 

Figure 1.3. Outline of a catalytic combustor. The preliminary diffusive combustion provides 

preheating. Premixed conditions are realized in the venturi placed just before the 

catalytic reactor. 

The use of catalysts to promote fuel combustion at low temperature (below 1000 K), thus 

preventing NOX formation, is promising but presently unfeasible because of the very narrow range 

of temperature admitted for good catalyst performance and short catalyst lifetime. A possible 

scheme of this kind of combustor is reported in figure 1.3. 
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Figure 1.4. Qualitative behavior of CO and NOX emissions as a function of the equivalence 

ratio. The ideal operating range refers to conditions, near the lean blow-off limit, 

where overall emissions are minimized. 

Rich-burn, Quick-quench, Lean-burn (RQL) combustors are characterized by the presence of 

two separate reaction zones, operating respectively in rich and lean conditions. As it is showed in 

figure 1.4, where CO and NOX emissions are plotted as a function of the equivalence ratio, the 

production of nitrogen oxides presents a maximum near stoichiometric conditions, because there is 

reached the highest temperature. The primary zone of the RQL combustor, sketched in figure 1.5, 

realizes rich combustion in order to lower temperature and also reduce the availability of oxygen for 

NOX formation. In any case the combustion process cannot be completed with only a rich stage, 

also in consideration of the amount of soot produced in this zone. The process can be successfully 

finalized by instantaneously switching the burning conditions from rich to lean, so skipping the 

stoichiometric zone. The quick quench is performed by means of air jets placed in correspondence 

of a throat where gases speed up and so strong turbulent conditions favor rapid mixing and cooling. 

In addition in the design of RQL combustor the temperature in the lean zone following the quick 
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quench must be carefully selected in order to limit NOX formation and, at the same time, eliminate 

the soot and the residual CO and UHC from the rich zone. 

 

Figure 1.5 Outline of the RQL combustor 

1.3. Towards Lean Combustion 

Among the several new strategies for NOX emissions containment, great interest is now focused 

on lean burning combustors, which are being developed and evaluated to achieve major reductions 

in pollutant emissions for both large and regional subsonic engines without impacting operability 

for safety of flight, affordability, and maintainability. 

In recent decades, continuous improvements in technology have substantially reduced all the 

emissions from modern aircraft. This is clearly the case for CO2 (with reductions of more than 40% 

in fuel burn per kg km in 40 years), for CO and UHC. These levels of reduction have been achieved 

by working both on engine and aircraft technology. 

The latest Single Annular Combustor (SAC) generation in service combines the General Electric 

LEC combustor (already in service on CF6 engines and CF34), the Rolls-Royce Phase 5 combustor 

(already in service on Trent engines) and the P&W Talon II concept (already in service on PW4000 

engines). Technology with similar emission performance levels has been developed by Snecma 

Moteurs for future SM146 engine, which should be certified in 2007. All these concepts are based 

on combustion close to stoichiometry (slightly rich or slightly lean in average in the primary zone of 

the combustor, depending on the technology). 

The Double Annular Combustor (DAC) family of the CFM56 (-5B and -7B) is the only 
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technology of its kind in service, enabling even greater levels of NOX reduction, of up to almost 

50% of the current CAEP regulatory limit. By favoring sufficient lean combustion at high power 

(take-off), the concept also improves particulate emissions in term of smoke number (the parameter 

used by the regulation). The combustor is designed by General Electric. Radial staging with a pilot 

dome and a main dome provides greater freedom for optimizing the combustor at different regimes. 

In particular, the main dome operates slightly lean (under the stoichiometry) and is optimized for 

maximum thrust at take-off conditions. Nevertheless, this Double Annular Combustor slightly 

deteriorates CO and UHC emission levels in comparison with a Single Annular Combustor, 

particularly at low regime. In addition, the weight and complexity of the system are increased. New 

single annular technology with fuel staging has been therefore explored by US company General 

Electric with the TAPS (Twin Annular Premix System), a concept already tested on CFM56 

engines. The idea is to combine the two domes into one with fuel staging using two fuel manifolds. 

Emission performance characteristics already show this approach to be highly promising, making it 

possible to reduce all types of emissions compared with a Double Annular Combustor. However 

CO and UHC emissions remain higher than on a conventional Single Annular Combustor engine. 

Operability constraints are also still to be checked. Rolls-Royce is also currently developing a 

similar approach with the ANTLE technology. In both the TAPS and ANTLE technology, the 

injection system is of the LP (Lean Premixed) type, which means that principally for high power the 

mixture is lean and premixed before reaching the reaction zone, but the fuel is not yet fully pre-

vaporized. 

Another alternative has been adopted with the CLEAN combustor approach developed by 

Snecma Moteurs, MTU and Avio Group. In this case, an axially-staged combustor is used, and the 

main dome is designed to achieve the best possible Lean Premixed and Prevaporized combustion 

thanks to an purposely designed injection system. The use of a Double Annular Combustor makes it 

easier to meet operability constraints (stability, altitude relight) and in parallel makes it possible to 

improve the optimization of the main dome injection system to achieve lean combustion. If 
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premixing and pre-vaporizing are satisfactorily accomplished, one can expect greater levels of NOX 

reductions (and particulate reductions at the same time) than those demonstrated with the TAPS 

combustor, resulting in a reduction of more than 60% in relation to the current CAEP limit. Once 

again, however, CO and UHC levels increase slightly in relation to the Single Annular Combustor 

design, combustor mass and complexity are higher, and the cooling issue is more difficult to solve. 

This is the main reason why all European engine manufacturers are currently looking at fuel staging 

on a single annular combustor, using an LPP injection system in order to achieve a significant 

pollutant emission reduction along with a relatively simpler and lighter propulsion system. 

1.4. Lean Premixed and Prevaporized Systems 

The Lean Premixed and Prevaporized (LPP) gas turbine is a recent technological approach, 

promising to achieve satisfactory compromise between the demand for reliable heavy-duty engines 

and low NOX emissions. The main features of these systems are the use both of large amount of air, 

exploiting its thermal inertia to contain the temperature and, as a consequence, the NOX emissions, 

and of largely premixed burning conditions implying higher efficiencies. A successful 

implementation of such technology in the case of liquid fuels relies on the development of efficient 

and stable fast premix systems capable of dispersing, evaporating and mixing the fuel in the airflow 

in small time and space intervals. In fact, the efficiency of these initial stages of the process reflects 

on the overall performance and stability of the system as well as on the pollutant emission. Since at 

the actual pressures and temperatures the ignition delay time is in the order of millisecond, 

characteristic time and space of atomization process represent a limiting step in achieving a 

satisfying level of mixing before ignition occurrence. Therefore, the design of spraying system must 

satisfy the constraint of the highest possible effectiveness and reliability. A common technique to 

achieve these results makes use of one or more plain nozzles injecting liquid fuel jets 

perpendicularly to the high-temperature/high-pressure air current flowing in the premixing channel. 

The quality of the resulting spray is expected to be enhanced by the strong interaction of the jets 
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with the airflow whose effectiveness is even more increased due to the high air density and velocity. 

In addition, a good design of the jet/airflow coupling could allow for the exploitation of the strong 

air dragging forces in promoting an effective dispersion of fuel droplets in the premixing duct 

improving vaporization and mixing process. Finally, these injection schemes make use of very 

simple plain nozzles, assuring the highest reliability of the spraying system. 

Various European technological programs have been addressing the lean combustion target. A 

special attention was paid to injection systems of LPP type. In particular these programs 

investigated LPP injection system designs covering every level of engine Overall Pressure Ratio, 

from OPR=15 for small engines to OPR=40 for large engines. Except for small engines, all the 

manufacturers were working on axially or radially-staged concepts. The main conclusion of the 

projects, as observed in the final reports, was that LPP technology was easier to develop for smaller 

OPR engines. The NOX reduction targets were met in some cases (small engines: -50% NOX 

reduction compared to conventional technology; medium engines -60% in relation to CAEP limits). 

Unexpected difficulties arose in the case of large engines at high pressure: a higher OPR not only 

increases the risk of auto-ignition but seems to generate a propensity for instability in well premixed 

systems. This issue is attributable to the fact that ignition delay decreases almost linearly with 

pressure, posing the problem that residence time in premixing duct must be further reduced as 

pressure grows. Airflow velocity cannot be increased, in order to prevent higher instability risks, 

and so the actual trend is to reduce the premixing channel length. The individuation of the 

oscillations sources and the development of control technologies for instability dampening are two 

major concerns in current studies. In particular the aim of this research is to improve the 

understanding of physical processes of liquid injection in intersecting airflow, in order to clarify 

their role in the achievement of a fast and effective dispersion of fuel before the onset of ignition. 
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Chapter 2. STATE OF ART 

The use of lean premixed and prevaporized liquid fuel technologies for the realization of 

flexible, efficient and less pollutant gas turbine engines to be used in aero-propulsion and power 

generation systems appears to be very promising. A key task in the development of such 

technologies is, obviously, the preparation of the air-fuel mixture. This implies the availability of 

devices capable of achieving efficient atomization, mixing and vaporization sub-processes within 

the size and thermo-fluid-dynamical constraints of these systems. In this thesis the stress is posed 

on the atomization sub-process that represents the first (and probably the most relevant) stage in the 

fuel preparation process. 

The analysis of atomization process cannot neglect the consideration of the injector geometry 

and of the inner and outer fluid-dynamics of the atomizers. This is due to the strong dependence of 

the overall process evolution both on the liquid field of motion in the peculiar geometry of the 

considered injector and on the subsequent interaction with the surrounding airflow. This interaction 

can assume a fundamental role in the determination of the efficiency of the process (as matter of 

facts in most cases the atomization takes place in consequence of this interaction). In this sense a 

general analysis is far from being feasible in the context of a PhD thesis. For these reasons in the 

followings only a brief introduction to the general aspects of the atomization is given. This part 

aims mainly to define the nomenclature that will be used in the reamining of the chapter where a 

deeper analysis of the liquid atomization of jet in crossflow is reported. The general approach 

avoids the detailed listing of the huge literature on the topics, pursuing a classical bottom-up 

approach, but attempts instead to rationalize the presentation of the topics trying to outline a top-

down approach to the problem. This approach is quite uncommon in the atomization field, mainly 

because of the intrinsic complexity of the underpinning physics and for the resulting prevalence of 

empirical studies. Nevertheless, recent advances in the study of jets in crossflow and the 

reconsideration of the valuable efforts made in the field since the early fifties make now possible 
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this attempt. 

2.1. General aspects of liquid atomization 

A complete introduction to the theory of atomization and to spray systems design is out of the 

scope of this section. Extensive information on these topics is available in Lefebvre (1989) and 

Bayvel and Orzechowski (1993).  

From a general point of view, atomizing a liquid means disintegrating the continuous phase in 

small fragments and droplets, in order to increase the liquid-gas interfacial area, thus enhancing 

mass and heat transfer between phases. This goal can be achieved in a number of ways, having in 

common the effort to provide enough energy to the liquid to overcome both the reacting forces due 

to surface tension and the dissipating action of liquid viscosity. From an energetic point of view the 

process can be viewed as an energy transfer to the liquid in order to increase its surface energy 

(which is essentially the product of the liquid surface tension and the extension of its interfacial 

area). The conversion of any kind of provided energy into surface energy is indeed an ineffective 

process, with efficiency generally lower than 5%, even though most of the provided energy results 

in increased kinetic energy of the produced droplets, which can be desirable in many applications 

(Nasr et al., 2002). The process of transferring energy to the liquid phase is usually promoted by the 

onset of a relative motion between phases, inducing the arise of pressure forces and tangential 

stresses at the interface that counterbalance capillary pressure thus allowing for the inception and 

propagation of wavy disturbances. Wave crests can eventually evolve in elongated ligaments and 

undergo detachment from the liquid. They may, finally, grow enough to cause the liquid structure 

disruption. Characteristic wavelengths of the disturbances depend on numerous elements and are 

difficult to evaluate, both theoretically and experimentally. In any case the spectrum of frequencies 

of the disturbances covers a wide range, from large-scale waves producing deflection and 

convolution of the liquid medium, at least close to the interface, to small-scale ripples, mostly 

connected to the generation of a very fine spray of droplets. Amplification or dumping of a 
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disturbance is in general dependent upon its wavelength through a dispersion relationship that is a 

function both of geometrical and fluid-dynamic conditions and of liquid physical properties. 

If the mechanism of energy conversion to increase the interface is essentially the one described 

above, the techniques utilized to provide energy to the liquid phase are as many as human 

inventiveness could elaborate. An attempt of classification individuated two main sources of 

energy: kinetic energy, provided either to liquid or gas phase or both, and mechanical energy, 

provided by rotating or vibrating elements in contact with the flowing liquid. This classification is 

somewhat scholastic, since it is possible to state that the most efficient atomization systems usually 

embed heterogeneous energy sources. For instance ultrasonic atomizers are often designed to carry 

vibrations in presence of a relative velocity between liquid and gas. In addition the reported 

categorization does not include some unconventional techniques, among which electrostatic 

atomization must be mentioned. Within the huge category of spray systems promoted by kinetic 

energy, a sub-classification separates pressure atomizers in which the kinetic energy is carried by 

the sole liquid phase from the so called twin-fluid (or pneumatic) atomizers, in which a significant 

part of the kinetic energy is provided by means of the gas phase. Further categorizations are based 

on the characteristics of the relative motion (jet or swirl atomizers) or, in case of pneumatic 

atomizers, on the order of occurrence of the liquid pressure drop (occurring in correspondence of 

the nozzle) and the interaction with the gas flow. This latter discrimination produces the definition 

of internal mixing, if the nozzle is placed after the interaction between phases, and external mixing, 

if placed before. Alternatively twin-fluid atomizers can be also distinguished on the basis of the 

features of the airflow: in the air assisted atomizers small amounts of gas with large dynamic 

pressure interact with the liquid, while the presence of larger airflow rates with moderate specific 

energy characterizes the definition of air blast atomizers. 

Another relevant feature of spray systems is connected to the shape of the liquid medium 

undergoing atomization. It is quite obvious that a bulk of liquid with little surface/volume ratio has 

little or no chance to be completely atomized in a reasonably short time extent. In addition the effect 
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of liquid viscosity damps the propagation of disturbances into the liquid bulk. As a consequence the 

liquid to be atomized must be pre-arranged in order to increase the surface/volume ratio even before 

the occurrence of the actual atomization process. It is in general easy and little expensive (except 

for very viscous liquids) to reshape a liquid in form of thin sheets or jets. Liquid sheets have one 

size much smaller than the other two, whereas jets have two sizes smaller than the third. In both 

cases the disturbances arisen at the interface easily propagate to the whole medium. A general rule 

is that, in order to achieve an efficient atomization, the thickness of the liquid sheet or jet should be 

comparable to the amplitude of the interfacial perturbations with the highest amplification. 

Incidentally, the existence of a characteristic thickness of the liquid medium gives sense to the 

otherwise vague reference to large-scale and small-scale waves made before. 

2.2. Liquid injection in crossflow 

The above-presented classification aims to define the general frame in which the science of 

atomization evolved so far, as well as the reference background for the development of a specific 

solution for air/fuel mixture preparation in new concept gas turbines. The experience gathered by 

scientific and industrial research individuated some indications for the design of efficient premixer. 

As a result the adoption of a system based on the injection of liquid fuel in high-density air 

crossflow is expected to match both the opportunities and the constraints posed by the premixer 

design. In a LPP gas turbine a large amount of high-pressure high-temperature air flows through the 

premixer from the compressor to the combustion chamber. In the premixer air meets the liquid fuel, 

thus atomization, dispersion and evaporation processes occur and a homogeneous uniform mixture 

is delivered to the combustor inlet. In this scheme the premixer embeds both air passage duct and 

liquid supplier. The basic design of the premixer incorporates a main duct roughly aligned with the 

airflow, while the nozzles for liquid supply are accommodated either in the center or in the 

sidewalls. Actual design is quite more complex, for instance due to the use of swirlers to add 

centrifugal motion and increase turbulence. The complexity of such configurations induced to focus 
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the investigation on a simplified scheme, in which the interaction between liquid and gas could be 

studied in absence of convoluted airflow pattern. The theoretical motivation of this choice is the 

progressive approach to the study of complex phenomena, based first on the individuation of the 

elementary mechanisms of the investigated process, and then on the correct sorting of these 

mechanisms, starting from the phenomenon elected as fundamental and progressively enlarging the 

target to take into account concurrent phenomena. From a practical point of view a simplified test 

rig is of extreme usefulness, since it can provide a higher level of accessibility, for on-line 

diagnostics, than the complete configuration. 

The simplified scheme investigated in this thesis (described in detail in section 3) holds most of 

the functional features of the actual reference premixer. The system can be considered as a whole a 

twin-fluid atomizer. In addition, since the liquid interaction with the airflow occurs after the 

pressure drop at the nozzle, atomization occurs by means of external mixing. It must be noted that, 

while the resort to pneumatic atomization systematically recurs in gas turbines, the external mixing 

is not the only adopted solution in that field. Some atomization schemes (Masuda and McDonell, 

2006) include both internal and external mixing, and so there is a preliminary mixing between 

liquid and air upstream of the nozzle. From a more general point of view, in the open literature 

several different configurations are referred to as crossflow atomizers. For instance the papers by 

Inamura and Nagai (1985) and by Tanno et al. (1985) can be mentioned. The former authors 

investigated a twin-fluid spray system, with external mixing, in which the liquid is injected through 

a circular slit, surrounded by a thin annular airflow. The liquid film flows out of the slit, until it is 

suddenly deflected and then disintegrated by the air crossflow. Tanno et al. (1985) set up a 

pneumatic atomizer with internal mixing, in which just upstream of the discharge nozzle airflow 

and liquid jet impinge at an angle of about 135°. The violent deflection aligns the jet with the 

airflow direction, and then the already atomizing liquid is discharged through the nozzle. 

As regards the crossflow injection configuration investigated in this thesis, the scheme is a 

squared channel swept by the airflow. One of the sidewalls holds a circular plain nozzle with 
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injection axis perpendicular to the airstream. This system design has been employed in scientific 

research for more than fifty years, since the first available study by Chelko (1950). Until the end of 

the 70’s this kind of crossflow atomizer was mostly used with supersonic airstreams due to the 

interest for scramjet combustors. In recent decades the interest for liquid-fuelled gas turbines and 

other applications far from combustion purposes pushed toward the investigation of liquid injection 

in subsonic crossflow. 

The process can be summarized as follows: the liquid jet issuing from the discharge section of 

the nozzle impinges on the transverse airflow and is progressively deflected until its eventual 

alignment with the duct axis; in the meanwhile the air drag promotes the distortion of the cross 

section of the jet and the stripping of small liquid fragments from the sharp edges of the bent and 

flattened column. A detailed phenomenological description of the injection of liquids in crossflow 

is the item of subsection 2.2.1, while subsection 2.2.2 introduces an attempt to evaluate the 

complexity of the investigated process from comparison with other atomization systems. Subsection 

2.2.3 presents the macroscopic and microscopic features of the jets in crossflow, as they have been 

so far investigated in the open literature, along with the dimensionless parameters considered 

relevant for this process. 

2.2.1. Phenomenological description 

In the case, here investigated, of exclusive external mixing, the liquid issues from the nozzle as a 

continuous medium. In general the nozzle is required to be simple and robust, and so the discharge 

section can be either a circular hole or a rectangular slot. Up to date both researchers and designers 

seem to prefer circular holes, probably aiming to simpler design of the liquid supplier. 

The characteristics of the nozzle affect the quality of the final spray in a number of ways. The 

main reason is that the relative velocity between liquid and gas enlarges and intensifies wavy 

disturbances already incepted on liquid surface. The onset of oscillatory perturbation of the 

interface is due to several phenomena, taking place inside the nozzle or in correspondence of the 



Chapter 2 State of Art 

17 

discharge section. In case of laminar flow, the liquid would completely adhere to the inner walls of 

the nozzle, with all the streamlines aligned to the injection axis, the sticking to the walls implying a 

parabolic velocity profile. Once the liquid column issues from the nozzle, the zero-velocity 

boundary condition almost vanishes and the subsequent velocity profile relaxation is responsible for 

the onset of small instabilities on the liquid surface. The increase of discharge pressure produces 

higher liquid velocity and higher turbulence. In a first stage the effect of growing turbulence is a 

flattening of the liquid velocity profile. This should result in a more stable jet, as seems to be 

indicated by the existence of a range of liquid velocity (in the turbulent flow region), characterized 

by increasing jet breakup length (Lefebvre, 1989). On the other hand higher relative velocity means 

higher aerodynamic enhancement of surface instabilities, therefore by increasing the liquid velocity 

the breakup length reaches a maximum and then decreases due to the fact that this latter effect 

eventually prevails on turbulence-driven stabilization. 

Another possible source of wavy disturbances is cavitation. The liquid adduction system is made 

up of pipelines with larger passage section than the nozzle outlet, in order to reduce liquid velocity 

and pressure drops down the line. As a consequence close to the discharge section of the nozzle the 

cross section of the liquid pipe is reduced by means of a gradual narrowing, usually referred to as 

taper. The possible presence of sharp edges in correspondence of the taper, together with the high 

velocity of the liquid, could be responsible of a low-pressure zone downstream of the sharp edge. 

Local evaporation of liquid generates bubbles, eventually bursting after the pressure drop at the 

nozzle outlet. This phenomenon strongly promotes the onset of wavy disturbances in pressure 

atomizers, whereas is considered less relevant in pneumatic atomizers, since liquid velocity inside 

the nozzle is lower. Nevertheless some authors (Sallam et al., 2004) took special care of the internal 

design of the nozzle, arranging for supercavitating flow to reduce to a minimum the level of liquid 

turbulence inside the nozzle. The authors observed that in absence of crossflow the liquid issues 

from the nozzle as a smooth column, even at relatively high values of liquid Reynolds number. In 

absence of both cavitation and aerodynamic enhancement the disturbances due to the sole liquid 
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turbulence are too weak to self-sustain and are rapidly swept out by viscosity. This fact marks a 

major difference from pressure atomizer, whose successfulness strongly relies on the very high 

level of inner turbulence, due to the elevated injection pressure, and even more on cavitation. 

In the case of pneumatic atomizers, the otherwise ineffective initial disturbances on liquid 

surface are quickly amplified due to the energy supplied by the air impingement and entrainment. In 

these conditions the liquid flows out of the nozzle as a continuous column, initially characterized by 

the presence of small wavy surface perturbations. The crossflow configuration implies that the 

liquid column passes through an orthogonal airflow, and so an intense momentum exchange takes 

place. Liquid entrains air due to the presence of small disturbances and, reciprocally, the air 

dynamic pressure amplifies these disturbances. The superimposition of aerodynamically enhanced 

waves spreads both wave frequency and amplitude over a wide range. The further effect of the high 

air density is to increase the growth rate of instabilities and also to produce a quite strong eulerian 

buckling load sustaining the development of asymmetric instabilities, even more amplified by the 

transverse energy transfer from the airflow. As a consequence the interaction between liquid and 

airflow is schematically referable to the so-called second wind-induced or turbulent regime rather 

than the atomization regime (Lefebvre, 1989). Even if this classification properly refers to 

atomization in co-flowing gas, it has been already used by Oda et al. (1994) as a reference scheme 

for crossflow atomization regimes. The analogy between the regime observed for transverse 

injection in a crossflow and the turbulent regime identified in the co-flowing air case is further 

supported by the similar dependence of liquid penetration on injection velocity. As matter of facts 

the approximately linear dependence, reported by many authors (Hojnacki, 1972, Yates, 1972, 

Baranovsky and Schetz, 1978, Chen et al., 1993, Wu et al., 1997, Ragucci et al., 2004) is 

significantly closer to the linear dependence predicted for turbulent regime than to the substantial 

independence observed in atomization regime typical of diesel injection. 

As already pointed out, the first peculiar feature of the crossflow injection configuration, with 

respect to coaxial pneumatic atomizers, is the macroscopic shape of the liquid jet, which is 
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deflected by the orthogonal airflow. In addition a stronger energy transfer from gas to liquid takes 

place, mainly due to the deeper air entrainment in the liquid jet. Evidence of that is the intense 

deceleration of the airflow due to liquid blockage, which produces a wake downstream of the liquid 

column. The steep gas velocity gradient around the liquid jet establishes a pressure profile 

substantially equivalent to the behavior of a liquid drop. By analogy it is therefore assumed that the 

cross section of the liquid column is stretched and deformed by the air drag analogously to what 

observed for drops exposed to an airflow (Taylor, 1963, Ranger and Nicholls, 1969, Igra and 

Takayama, 2001, Han and Tryggvason, 1999). 

The complex propagation of the interface oscillations couples with the global bending of the 

liquid column due to the drag force exerted by the air crossflow. Schetz et al. (1980) hypothesize 

that the velocity variation of liquid windward surface due to the bending can also be responsible of 

the development of acceleration waves. As a result the pattern of wave propagation over the jet 

surface loses any regularity, showing a complicated three–dimensional structure (Inamura and 

Nagai, 1997). The wave amplitude growth promotes the formation of ligaments protruding from jet 

surface. The length of ligaments has been proved to depend on liquid viscosity that delays their 

rupture (Nejad and Schetz, 1983). In case of moderate aerodynamic effects, the ligament cross-

sectional size determines the initial size of liquid fragments detaching from the jet basically by 

Rayleigh breakup mechanism (Wu and Faeth, 1993). The size distribution of liquid fragments 

detached from ligaments is expected to be quite wide, as spread as the wave frequency range. In 

case of higher air density the stronger aerodynamic effects induce a merging of Rayleigh and 

secondary breakup, resulting in an overall shifting of the size distribution toward lower values (Wu 

and Faeth, 1993). As relative velocity and gas density further grow fast short waves climb up longer 

waves and are the main responsible of mass shedding by means of stripping mechanisms. As a 

result in these extreme conditions large ligaments are not supposed to survive, and moreover ample 

slow waves no longer play a dominant role in the atomization process. The variegate 

phenomenology of concurrent bag and shear breakup observed in moderate conditions become 
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ineffective and the characteristics of the produced droplets only depend on the wavelength of the 

short ripples excited by the strong aerodynamic effects. As point of fact the balance between 

aerodynamic forces and capillary forces no longer affects the atomization mechanisms, but only the 

drop size distribution. The shape of the jet seems to undergo less column instabilities, as the 

distortions only act on a smaller scale producing a fine spray, mostly close to the injection point. 

Unfortunately the jet appears unable to sustain a pure stripping mechanism. As matter of fact at a 

certain distance from the nozzle the progressive loss of mass and continuity deteriorates the liquid 

column, until it finally breaks down into a cluster of relatively large fragments, as the results on 

drop size distribution presented by Becker and Hassa (2002) seem to corroborate. 

2.2.2. Process Analysis 

Critical aspects of any atomization process are the kinetic energy supply and the competition 

between aerodynamic and capillary pressure. The former issue is related to the relative amount of 

energy, required for liquid disintegration, provided by air and liquid. As already discussed before, 

this parameter strongly affects both atomizer design and atomization quality. If the liquid phase 

carries the burden of the whole needed energy, thus the system is a pressure atomizer. At the 

opposite is the case of air assisted and air blast atomizers, where the liquid is fed at relatively low 

velocity and the energy is provided by the air phase. The process investigated in this thesis places 

midway between these two extremes. For instance, being the ratio of densities of liquid and gas in 

the order of 100, it can be concluded that for a value of the ratio of liquid and gas momenta in the 

order of 100 the velocities of the two phases are locally comparable. But, since the actual q values 

(i.e. the ones of interest for gas turbine applications) are in the order of few tens, the velocity of the 

gas should be sensibly higher than the one of the liquid jet. In any case the velocity is not a measure 

of the energy contribution of each phase. In this sense the specific kinetic energy of the liquid phase 

is much higher (q times) of the energy of the gas phase. It could, thus, be concluded that the 

influence on the trajectory of the jet of the liquid kinetic energy should be predominant. The effect 
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of the aerodynamic pressure is, on the contrary, very effective in the deformation of the liquid 

column shape. This deformation has a twofold effect. The flattening of the column cross section 

increases its effective area and increases largely the effectiveness of the aerodynamic pressure in 

bending the liquid column. In the same time the deformation of the column is the basic step in the 

onset of the liquid atomization mechanisms. In particular, at lower gas velocities the deformation of 

the interface can proceed through the formation of bags and elongated ligaments while at higher 

velocities the flattening of the cross section allows for a faster and intense liquid removal by means 

of classical liquid stripping phenomena. In this sense the lower energetic contribution coming from 

the gas can be more relevant to the atomization quality than the higher one connected to the liquid 

velocity. As matter of facts this is, in general, the advantage of air assisted atomization systems with 

respect to the pressure ones: being the aerodynamic forces active directly at the interface they can 

be very effective in the disruption of the liquid-gas interface (i.e. in promoting liquid atomization). 

Liquid phase kinetic energy being distributed in the whole liquid bulk is less effective even if its 

role cannot be, in principle, ignored. 

As a consequence the mathematical modeling of the interaction results more complex, since the 

kinetic content of neither phase can be neglected. The process embeds features of both air blast and 

pressure atomization. A simple modeling approach is further hindered by the multi-dimensional 

nature of the process, so that even the definition of a characteristic relative velocity is much less 

straightforward than in the case of coaxial pneumatic atomizers. 

As regards the interplay between aerodynamic and capillary forces, the role of the curvature of 

the interface must be stressed. A general formulation of the pressure jump !p
"

 at the interface, due 

to the surface tension ! , is 
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where R1 and R2 are the two principal radii of surface curvature. 
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The basic case of a flat liquid surface above which gas flows generating ripples and waves can 

be considered a zero-curvature problem. This is also the case of a thin liquid sheet, characterized by 

the initial lack of curvature. In these cases the airflow is parallel to the interface. Another well-

investigated problem is the spherical droplet submerged in an airstream. The airflow impinges on 

the double curvature of the droplet, which for this very reason results more resistant than a flat 

surface perpendicularly hit by air. The curvature of the liquid droplet couples with the characteristic 

frequencies of the surface disturbances exited by the airflow, resulting in a variety of distortion and 

disruption mechanisms. If the excited frequencies are small, as in the case of slow airflow, an 

ensemble deformation of the droplet occurs, and so it eventually breaks up into few large fragments. 

In particular a slow airflow is able to blow into the drop, forming a bag with curvature opposite to 

the initial one. Stronger airflow excites higher frequencies, and so small ripples form on the drop 

surface. In the meanwhile the shorter time scale prevents the formation of a bag, and only a 

flattening of the drop occurs, due to the dynamical pressure profile surrounding it. The airflow 

pushes the ripples toward the sharpened edges of the flattened drop, and then strips them off as 

droplets much smaller than the parent. 

In the case of a liquid jet, it becomes relevant if the airflow is directed parallel or normal to the 

jet axis. A jet is characterized by the existence of one curvature only. In the case of parallel flow, as 

in the case of coaxial jets, the presence of this curvature is of little importance, and the system 

behaves similarly to a thin sheet of liquid, the main difference being that the wavelengths of the 

asymmetric instability modes (Yang, 1992) are submultiples of the jet diameter. The case of airflow 

directed normally to the jet axis is the one considered in this thesis and is sketched in figure 2.1. 

Here the existence of one curvature only (directed as !  in figure) opposing to the airflow makes 

the problem different from all the others. This fact splits the atomization process into two distinct 

phenomena. The former is relative to the interaction between the airflow and the flat principal axis 

!  of the jet. The primary effect of the air drag in this direction is the deflection of the jet. The 

momentum transfer from the gas phase causes the liquid jet to progressively bend up to complete 



Chapter 2 State of Art 

23 

alignment. The secondary effect is the enhancement of surface instabilities. Promoted by air 

entrainment and aerodynamic drag, in the jet axis direction large-scale asymmetric oscillations can 

develop, thus giving snake-like appearance to the jet. As already pointed out this mechanism is 

effective mainly at low aerodynamic pressure. The airflow also promotes the onset and propagation 

of small surface waves, thus resulting in a wide range of wavelengths active on the jet windward 

profile. The observed phenomenology is essentially akin to coaxial injection, apart from the 

underlying small curvature due to the bending. 

 

Figure 2.1. Scheme of the liquid injection in crossflow. Axes !  and  "  individuate the principal 

directions of the liquid surface opposing to the airflow. 

In the other principal direction, ! , the initial radius of curvature of the jet is equal to the 

injection diameter. In this case the primary effect of the interaction with the airstream is the 

deformation of the initially circular cross-section of the liquid jet. Experimental investigation was 

so far unable to determine the kind of deformation. A flattening of the jet is supposed to occur, even 

if it is not clear whether the cross-section takes elliptical or lenticular shape. The secondary effect in 

the !  direction again concerns the promotion of surface instabilities. This mechanism becomes 
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dominant at high aerodynamic pressure. In this case only high frequency disturbances grow, 

reproducing atomization mechanisms very similar to the ones observed in the above-described 

process of drop breakup (Mazallon et al., 1999). 

 

Figure 2.2. Classification of the atomization systems as a function of liquid-to-air power ratio 

and curvature number. The map is based on the characteristics of the primary 

atomization. 

All the considerations made so far suggest the possibility to classify the main atomization 

systems in terms of curvature number and energy load partition. In a continuously flowing system 

the latter parameter may be expressed as liquid-to-air power ratio. The resulting plot is reported in 

figure 2.2. The plane is divided in four main regions, as a consequence of the partition between 

pressure and pneumatic atomizers (depending on the value of the power ratio) and between primary 

and secondary atomization (depending on the curvature number). The former division distinguishes 
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between systems where the air energy share is negligible with respect to liquid (pressure atomizers), 

and so the power ratio diverges to infinite, and pneumatic atomizers where the power ratio is close 

to zero, even though the liquid phase always retains a little amount of kinetic energy. 

The latter separation between primary and secondary atomization is a little simplistic but very 

common in the open literature, and it assumes that the former step of the atomization process is the 

primary breakup of a liquid medium (jet or sheet) into drops, which as a secondary step can be 

further atomized into smaller droplets. First of all it must be stressed that in the classification here 

proposed the curvature number has been assigned, to each atomizer, in consideration of the primary 

atomization mode. In the case of jet atomizer with very high injection pressure (as for diesel-like 

sprays), liquid continuity is destroyed at the very nozzle outlet (Cavaliere et al., 1991, Wang et al., 

2006), and so the so-called primary atomization involves droplet, thus the collocation of this 

atomizer in the top-right zone of the plot. When the same kind of injector is operated at lower 

pressure the atomization regime is replaced by second wind-induced regime, in which a continuous 

liquid jet survives the ejection from the nozzle and undergoes primary atomization. Other kinds of 

pressure atomizers are the pressure swirl atomizers in which supplying a tangential velocity 

component to the liquid inside the nozzle produces a conical liquid sheet, behaving midway 

between a jet and a flat sheet. Other pressure atomizers rely on an oblong and convergent shape of 

the terminal section of the injector to produce a fan spray, behaving like a liquid sheet. In the field 

of pneumatic atomizer both air assisted and air blast systems are embraced. Among the several 

existing designs, prefilming air blast atomizers are widely used in gas turbines. They aim to 

produce a thin liquid film stressed on both sides by airflow. Another classic scheme is the coaxial 

jet air assisted atomizer, in which the curvature number is 1. 

All the presented atomizers place near the boundaries of the map. On the contrary the atomizers 

based on the principle of crossflow injection, as pointed out, involve features of both pressure and 

air blast atomizers, and moreover they partly behave as 1-curvature jets and partly as 2-curvatures 

droplets. As regards the liquid-to-air power ratio, it has been estimated to be, for the system 
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investigated in this case, of the order of unity. The same order of magnitude is expected for all the 

atomizers with analogous design. 

2.3. Experimental investigation of liquid injection in crossflow 

One of the reasons why some aspects of the process of liquid injection in crossflow are still little 

understood is the difficulty to experimentally study the dynamics and breakup of the jet, since the 

occurrence of the atomization produces large fragments and a dense aerosol of drops, enveloping 

the continuous jet in the near field. This fact creates serious problems to diagnostic investigation, 

mostly based on the collection of light scattering or extinction signal from liquid interface. In fact, 

the dense cloud of droplets interposing between the jet and the observing device optically obscures 

the liquid column. As matter of fact, the overall amount of interface of the drop cloud, which is 

much larger than the liquid corrugated surface, results in a high scattering intensity that masks any 

scattering signal coming from the liquid column interface. For the same reason diagnostics based on 

the detection of the extinction signal, like the shadowgraphic techniques, can only furnish a picture 

of the external plume of drops surroundings the jet. Further drawbacks come from the fact that the 

light travels through a plume with non-negligible depth, and so the occurrence of multiple scattering 

adds noise to the detected signal (Sedarsky et al., 2006). These problems appear to be even more 

important for high air density conditions, where the onset of fragment detachment takes place closer 

to the nozzle outlet, preventing the observation of the liquid jet at all (Ragucci et al., 2000, 2003, 

Ragucci and Cavaliere, 2002, Cavaliere et al., 2003). As a consequence up to date information 

about jet actual behavior is really exiguous, except some particular cases where operating 

conditions or liquid properties reduce the atomization effectiveness to a minimum, allowing a direct 

observation of the liquid jet (Inamura and Nagai, 1997, Kihm et al., 1995, Wu et al., 1997, 1998). 

This difficulty is strongly evident in the problem of liquid jet cross-section deformation. 

Hypothesizing a substantial analogy of the liquid jet case with the well known phenomenology of 

gaseous jets injected in a crossflow, early works (Heister et al., 1989, Nguyen and Karagozian, 
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1992) hypothesized that the occurrence of a progressive flattening of the liquid column, due to the 

acceleration of the gas flow around the jet, could induce a bow (or kidney) shape deformation of jet 

cross section. The experimental observation of light scattering, collected by “slicing” the jet with 

laser sheets, seemingly confirmed this conjecture (Ragucci and Cavaliere, 2002, Oda et al., 1994), 

but it must be noted that in these measurements the scattering signal mainly comes from the small 

droplets enveloping the jet, so that even if it could be considered proved that the spray plume 

assumes a kidney shape, the same cannot be straightforwardly assumed true for the liquid jet cross 

section. The evidence collected about drop spatial distribution around the jet cross section seems to 

suggest the existence of a liquid stripping mechanism analogous to the shear breakup observed for 

atomizing drops (Pilch and Erdman, 1987), which are flattened by the airflow and so small 

fragments are stripped away from the bent edges of the ellipsoid. In the case of a liquid jet it is not 

clear yet whether high-curvature edges are attributable to the development of surface waves around 

the cross section or to an actual flattening of the jet. On the other hand the contribution to the 

droplet plume observed in the jet wakes in the leeward direction due to the dragging by the crossing 

airflow of already detached liquid parcel, formed in consequence of the aerodynamically induced jet 

atomization due to the relative velocity at the jet surface, can be hardly separated from the 

contribution due to the removal of liquid from the jet edges. 

As regards the near field, the study of liquid jets ha been usually based on image collection by 

means of high-speed digital cameras (Schetz et al., 1980, Wu et al., 1997, Becker and Hassa, 1999, 

2000, 2002) and on Mie scattering data obtained by slicing the spray with a laser sheet (Ragucci et 

al., 2000, Oda et al., 1994). The use of diagnostic techniques for flow field data or single-point drop 

sizing is possible only outside of the dense spray region (Wu et al., 1998, Becker and Hassa, 2002). 

2.3.1. Features of jets in crossflow and dimensionless parameters 

Although the investigation of liquid jets in crossflow suffers from diagnostic inadequacy, 

nonetheless the attempt to study characteristics and quality of the spray yielded the introduction of a 
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number of parameters and indicators. A first group is connected with macroscopical aspects of the 

spray. The most important of these items are probably the trajectory followed by the liquid jet and 

the so-called intact length of the jet. Both these parameters have been largely investigated in the 

open literature since the first studies in the 50’s. Chelko (1950) investigated the behavior of a water 

jet injected into a high-velocity airstream. In particular the author focused on what he called the 

penetration of the jets, that is to say the windward boundary of the spray plume as it can be detected 

from a camera placed with line-of-sight perpendicular to the plane defined by gas and liquid 

injection axes. This definition of penetration refers to a curve line, roughly describing the trajectory 

of the liquid jet, and must not be confused with the maximum penetration of the spray, which is the 

height asymptotically reached by the spray. Speaking of jet penetration or trajectory is indifferent, 

because it can be supposed that the air drag promptly sweeps off the droplets stripped from the jet 

surface, and so the observed windward boundary provides a good approximation of the trajectory of 

the underlying jet. In addition it must be stressed that the penetration studied by Chelko and most of 

the following literature refers to long-exposure average images, thus neglecting the superimposed 

pattern of unsteadily growing disturbances. Even in recent studies, included the present thesis, a 

collection of short-exposure images was exploited to evaluate the average windward profile as 

representative of the jet penetration or trajectory. 

Since this first study, it was clear the effort to seek out measurable correlations between the 

observed features of the jet and the operating conditions of the process, expressed in terms of 

dimensionless parameters in order to assure the largest significance to the proposed empirical 

models. The correlation proposed by Chelko was found by exploring narrow ranges of some 

operating conditions, even so it essentially resembles most of the correlations so far available in 

literature. This empirical model suggests that the coordinates of the spray windward boundary 

(defined as penetration parameter and mixing distance, and both made dimensionless by means of 

the injection diameter) are related by power-law dependence, with exponent equal to 0.22, about the 

half of the exponent currently accepted. Furthermore the curve scales with velocity and density of 
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both phases, so the final correlation is 
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where on the left is the penetration parameter and on the right are, in order of appearance, the 

liquid-to-air velocity ratio, the density ratio and the dimensionless mixing distance. The correlation 

follows a scheme similar to another already employed by Callaghan and Ruggeri (1948) to describe 

the penetration of an air jet into a perpendicular airstream. In this study the authors assumed a 

simple dimensional analysis to group the process variables in few significant dimensionless 

parameters. In the case of gas-gas crossflow injection the analysis yielded that the penetration can 

be investigated by focusing on the Reynolds number, referred to the jet, the velocity ratio, the 

density ratio, the viscosity ratio, the dimensionless mixing distance and the dimensionless duct 

width. In the case of liquid injection in air crossflow the analysis by Callaghan and Ruggeri can be 

extended to account for the further variable surface tension. The revised set R of variables is 
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The variables above listed are density, velocity and viscosity of both phases, surface tension, 

nozzle diameter and duct width. The Buckingham’s pi-theorem states that the number of 

independent variables can be reduced by assuming a suitable set of independent dimensionless 

parameters. The number of these parameters depends on the number of significant variables, which 

for the present process is 9, and the number of units involved in the variables, which are m, kg and s 

in the SI system. The resulting dimension matrix has rank equal to 3, therefore the number of 

independent dimensionless parameters is 9 ! 3 = 6 . The choice of dimensionless combinations of 

the process variables is arbitrary, with the sole constrain of independency. Nevertheless it is 

preferable a selection accounting for the most important interactions taking place during the 

process. The experience so far gathered points to some major dimensionless groups. In fluid-

dynamic problems the most relevant parameter is considered the Reynolds number, taking into 



Alessandro Bellofiore Ph.D. Thesis in Chemical Engineering 

 30 

account for the interplay between inertial and viscous forces and characterizing the nature of a flow. 

In a two-phase problem the Reynolds number must refer to both liquid and gas phase. In addition 

the two phases exchange kinetic energy, and so the ratio of momenta should be considered. From 

the theory of atomization one of the foremost parameters is the Weber number, assessing the 

interaction between aerodynamic and capillary pressure. The density ratio !  is also contemplated in 

atomization problems (Pilch and Erdman, 1987). Finally a geometrical dimensionless parameter is 

the ratio !  between the characteristic length D of liquid supply and the characteristic length L of air 

supply. The set !  of selected dimensionless parameters is then 
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Five out of six dimensionless parameters contain exclusive variables. The exception is the liquid-

to-air momentum ratio, denoted by q, which appears neither in Callaghan and Ruggeri’s paper, nor 

in Chelko’s. It is only in late 60’s that the dependence of the penetration on densities and velocities 

took the shape of q, in some papers quoted by Gooderum and Bushnell (1972). Since that time the q 

number has been generally considered the main controlling parameter of the crossflow injection 

process, both for liquid and gas jets. 

Clark (1964) employed two diagnostic techniques to investigate the behavior of a water jet in 

nitrogen subsonic crossflow. He explored a remarkably broad range of gas pressure, from 

atmospheric pressure up to about 2.0 MPa. Together with high-speed photographs of side and front 
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view of the spray, the author set up an equipment for measuring the electrical conduction of the 

water jet from the injection to a movable electrical probe screen. The higher the measured electrical 

resistance, the larger the degree of breakup of the jet. Although based on little quality photographs, 

the author describes the main phenomenological aspects of the process as they are currently 

supposed. In particular, from experimental data and comparison with previous knowledge about 

drop shattering by shock waves, he detects evidence of both bending and cross-sectional flattening 

of the liquid jet, and of the subsequent liquid stripping mechanism. Furthermore Clark figured out 

that at elevated values of both Reynolds and Weber number viscous and capillary forces are 

negligible, so that the inertia of the jet and the dynamic pressure of gas are mainly responsible of 

the jet behavior. 

Ingebo (1967), in analogy to the evidence of a previous study by himself and Foster (1957) on 

drop size distribution in crossflow atomization, derived an empirical model correlating the 

penetration of a jet in crossflow to the ratio of liquid Reynolds number and gas Weber number. The 

presence of capillary forces is in contrast with the conclusions of Clark (1964). It can be noted that 

Clark did not really varied surface tension in his measurements, but only inferred, on the basis of 

dimensional analysis considerations, that a minor influence of surface tension should be expected. 

Up to date the question is still discussed. More recently surface tension was reported to have no 

effect on the spray penetration (Wu et al., 1997), although it has been proved to affect strongly the 

surface wave evolution (Schetz and Nejad, 1983). 

Chen et al. (1993) built up an empirical model of the jet trajectory based on the assumption of 

existence of three different zones (near field, ligament region and droplet region) which evolution 

needs three separate mathematical descriptions. The accurate tuning of three exponential terms 

allowed for the use of a single composite functional form. Reference experiments were carried out 

by injecting an undisclosed fuel in a up to 0.2 MPa subsonic airflow. Wu et al. (1997) used an even 

lower air pressure and injected different liquids but no fuel. The development of a simple 

phenomenological analysis led to empirical correlations pointing out that the jet trajectory well 
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resembles a square root behavior and moreover there is a dependence of the jet penetration, in the 

liquid-streamwise direction, on the square root of the liquid-to-air momentum ratio q. A similar 

dependence on q was also proposed by Chen et al. (1993) and Becker and Hassa (1999, 2002), even 

though the exponent of q was found to be slightly lower than 0.5. The latter authors also proposed a 

logarithmic functionality to fit the path followed by the liquid jet, as well as recently did Tambe et 

al. (2005) relying on the non-linear regression of data collected fro water, jet-A and n-heptane jets 

in transverse airstream at atmospheric pressure and temperature. 

Jet breakup is considered a main concept for the development of physically consistent modeling 

tools for spray behavior prediction. Nevertheless this parameter is still enveloped by a definition 

ambiguity, since in the atomization process more threshold events can be connected with the onset 

of discontinuities in the liquid phase. A similar abundance of breakup conditions has been already 

pointed out by Pilch and Erdman (1987) in their review on fragmentation mechanisms for liquid 

drops. In the case of liquid jets in crossflow, the simplest definitions of breakup are related to either 

the total penetration of the spray in the liquid-streamwise direction (Schetz et al., 1980, Becker and 

Hassa, 2002, Chen et al., 1993) or the occurrence of the first drop detachment from the jet column. 

Between these two extreme conditions, great interest has been devoted to the penetration of liquid 

jet as a continuous medium, and so the breakup point is placed in the zone where the jet, already 

bended, stressed and undergone liquid stripping from its surface as ligaments and drops, ultimately 

loses its continuity by breaking up in large fragments. 

Along with the conceptual ambiguities, the aforementioned inability of diagnostic techniques to 

capture the actual jet dynamics represents a further problem to the study of jet breakup. The 

substantial inaccessibility of the liquid jet, mostly in the so called surface breakup regime (Wu et 

al., 1997) promoted by high air density typical of LPP conditions, strongly hardens the task of 

individuating a column fracture point by means of direct inspection of spray images. Moreover even 

in the case of weak atomization (column breakup regime) the practice of evaluate the location of 

breakup by directly observing collected spray pictures appears to be largely unsatisfactory since it 
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suffers from subjectivity, non repeatability and furthermore it is necessarily bounded to the study of 

very few pictures, usually less than ten, so that experimental uncertainty due to the unsteady nature 

of the process is not overcome by a statistically significant sampling. Additional source of mistakes 

in the evaluation of breakup is provided by the presence of asymmetric waves along the jet, so that 

the liquid column is deeply distorted and its apparent section, such as it is captured by the observing 

device, can result remarkably thinned in some point resembling the occurrence of a discontinuity. 

Wu et al. (1997) used shadowgraph images to evaluate the occurrence of liquid column fracture and 

suggested that the liquid-streamwise coordinate of the breakup location only depends on the liquid–

to–air momentum ratio q, while the gas-streamwise coordinate is independent of both the operating 

condition and the properties of the two phases. Tambe et al. (2005) came to the same conclusion, 

although they pointed out that, since the jet breakup location was determined by means of direct, 

non-rigorous observation of the liquid column fracture as captured by shadowgraph images, only 

images of sprays in the column breakup regime were useful to the purpose. The database in the 

surface breakup regime was therefore neglected and so the proposed correlation suffers of a strong 

validity limitation. 

2.4. Modeling the injection of liquids in crossflow 

The study of liquid jets in crossflow has to face several problems. The first difficulty is the 

above-mentioned fact that the process cannot be reduced to a one-dimensional scheme, so that the 

liquid bending induces a greater complexity than the injection in still or co-flowing gas. Moreover 

the turbulent regime places midway between the extreme cases of Rayleigh breakup and fully 

developed atomization, in a range of relative velocity conditions not much studied. The lack of 

understanding of the mechanisms characterizing this regime reflects on the lack of models for the 

atomization in the turbulent regime. The non-linear atomization models, developed in the last years, 

managed to describe liquid dynamics and breakup in the wind-induced regimes (Spangler et al., 

1995, Eggers, 1997, Yoon and Heister, 2004), but only under very controlled conditions, faraway 
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from the framework of this study. On the opposite side in the fully developed atomization regime 

the consistent hypothesis that the liquid jets collapses just after the nozzle outlet, due to the high 

relative velocity, allowed the successful development of blob models (Reitz, 1987), which should 

be considered unsuitable for the turbulent regime and yet are largely adopted for crossflow 

atomization. Another approach to overcome the lack of comprehension of this process is to presume 

the existence of an analogy with the injection of gas jets in an air crossflow (Heister et al., 1989, 

Nguyen and Karagozian, 1992, Tambe et al., 2005), even though is proved that submerged jets are 

controlled by diffusivity and concentration gradients, while in case of liquid injection the 

controlling parameter is the surface tension sustaining the existence of a phase discontinuity at the 

interface. 

One of the most difficult tasks in the preparation of modeling tools relies in the definition of a 

realistic general sub-model for the fuel atomization, evaporation and mixing stages. This difficulty 

is mainly related to the intrinsic complexity of the mathematical formulation of the problem that 

makes quite unrealistic a direct numerical approach to its solution. In addition, validation of the few 

proposed models is made difficult by the scarce availability of experimental data obtained in 

realistic operating conditions. 

Up to date the general trend followed in the modeling of jets has been based on a lagrangian 

approach to represent the liquid column as a set of isolated drops issuing from the nozzle. The 

temporal evolution of each drop is assumed to be representative of the whole jet dynamics. This 

approach has been successfully used in case of liquid injected into quiescent or co-flowing gas, 

particularly when the high level of injection pressure actually prevents the existence of a liquid core 

even few diameters after the nozzle outlet (Reitz, 1987, Tanner, 1998). The main advantages of this 

approach are the ease of formulation of momentum balance equations, since the control volume 

coincides with the blob and only inertia and drag forces have to be accounted for. 

The discrete blob method has been used also in the case of crossflow atomization (Rachner et al., 

2002, Madabhushi, 2003, Khosla and Crocker, 2004). The major drawback of this application can 
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be attributed to its difficulties in accounting for cohesive viscous forces responsible of the higher 

resistance of a liquid column with respect to a set of isolated droplets to the airflow induced 

bending. This problem is more important in the premixing ducts of a gas turbine engine than in a 

diesel engine chamber. In fact, in this latter case the higher momentum of the liquid jets induces a 

sudden breakup of the liquid column and the rapid formation of a cloud of droplets that can be well 

modeled using the discrete blob approach. The injection conditions in typical gas turbine premixing 

ducts are quite different from diesel injection, because of the much lower kinetic energy level of 

liquid. As a consequence it can be assumed that jet behavior is not the one defined as atomization 

regime, but it should be closer to the so-called turbulent regime. Even if this classification properly 

refers to atomization in coaxial gas stream (Lefebvre, 1989), it has been already used by Oda et al. 

(1994) as a reference scheme for crossflow atomization regimes. The analogy between atomization 

regime observed for transverse injection in a crossflow and the turbulent regime identified in the co-

flowing air case is further supported by the similar dependence of liquid penetration on injection 

velocity. As matter of facts the approximately linear dependence, reported by many authors 

(Hojnacki, 1972, Yates, 1972, Baranovsky and Schetz, 1978, Chen et al., 1992, Wu et al., 1997, 

Ragucci et al., 2004) is significantly closer to the linear dependence predicted for turbulent regime 

than to the substantial independence observed in atomization regime typical of diesel injection. 

These considerations lead to the exploration of alternative approaches to model liquid jet 

dynamics. Apart from empirical and semi-empirical models, among models based on the resolution 

of balance equations the work by Adelberg (1967) should be recalled. He distinguished the case 

when surface wave development, leading to breakup, is dominated by either aerodynamic or 

capillary pressure. For both cases analytical expressions for jet trajectory and mass shedding are 

derived. Heister et al. (1989) and Nguyen and Karagozian (1992) proposed an eulerian approach for 

the dynamics and atomization of a liquid jet in both subsonic and supersonic crossflow. In this 

approach both external gaseous and internal liquid flow fields are taken into account along with the 

elliptical deformation of jet cross-section. Quite surprisingly in this model the effect of surface 
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tension is completely ruled out. 

Another critical point in the description of the jet atomization behavior in presence of an air 

crossflow with a relevant momentum, as is the case of gas turbine premixers, is the determination of 

a consistent primary atomization sub-model. Several models are available in literature for the 

fragmentation of liquid drop and jets, but none of those was specifically thought for crossflow 

atomization. As a consequence, even if for secondary drop atomization the use of the standard 

model, developed for the co-flow case appears to be reasonable, less persuasive is to make the same 

assumption for the primary jet breakup modeling, since in this latter case a dominant role is played 

by the interaction of the liquid jet with the orthogonal airflow. In this process both the energy 

transfer and the interface evolution are characterized by a strong mutual interaction and develop 

with a more complex three-dimensional pattern than typical cases for which classical models have 

been built up. The peculiarity of crossflow atomization must be searched in the geometry of the jet, 

stressed and bended in the airflow direction, and in the strong deformation of its cross-section, 

which produces a pressure distribution around the liquid jet completely different from that 

observable in jet injected in still air. For instance one of the main problems connected to the 

adaptation of such models to crossflow problems is the inability to capture the effects of the strong 

wake settling downstream the liquid column. The wake affects the jet cross-section geometry and, 

as a consequence, the mechanism of drop and ligament stripping from the liquid surface. 

Two major models have been developed to predict the amount of mass shed due to atomization. 

The first is the Kelvin-Helmholtz model (Reitz, 1987, Reitz and Bracco, 1982, Reitz and Diwakar, 

1987), which deduces the mass removal rate from wavelength and growth rate of the fastest 

growing surface wave, calculated on the basis of a linearized stability analysis. The strong 

limitation to the use of this model is the presence of an experimentally evaluated parameter, mostly 

connected to the complex fluid–dynamics inside the nozzle. Stiesch (2003) reports that values 

suggested in literature for this parameter spread over a range wider than one order of magnitude.  

The alternative model, which has been adopted in the present study, is the Boundary Layer 
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Stripping (BLS) model (Ranger and Nicholls, 1969, Delplanque and Sirignano, 1994). The basic 

assumption is that the mass removed from the jet coincides with the flow rate in the liquid boundary 

layer at the separation point, taken for simplicity as the equatorial plane normal to the airflow. 

Extreme ease of implementation and absence of parameters to be experimentally tuned are the 

major benefits of this model. On the other hand the BLS model shows some unrealistic features, as 

it is based on the hypothesis of circular cross–section and moreover it does not account for the 

influence of surface tension on the atomization process.  

The evaluation of drag forces also requires a careful evaluation of the value assumed by the drag 

coefficient C
D

. Adelberg (1967) reports a constant value of 1.2 for fully developed turbulent flow 

over a circular cylinder. From a simplified point of view the drag coefficient is dependent on fluid-

dynamic conditions, i.e. the Reynolds number, and on the degree of flattening of the jet cross-

section. In literature such a kind of correlation for elliptic geometry was investigated either for 

viscous flow with very small Reynolds number (Kropinski et al., 1995, Dennis and Young, 2003), 

or for oscillating flow (Badr and Kocabiyik, 1997), or to design elliptical airfoils with zero or little 

angle of attack between the airflow and the major axis (Mittal and Balachandran, 1996). In all those 

cases the drag coefficient evaluation follows from the numerical calculation of the gas flow field. A 

similar procedure was implemented by Nguyen and Karagozian (1992) and resulted in a constant 

value of about 1.2-1.4 for high Reynolds number and low subsonic crossflow over an elliptical 

cylinder. Unfortunately no dependence on the degree of deformation was provided. Wu et al. 

(1997) proposed an integral model based on a strongly simplified momentum balance equation. On 

the basis of a regression over experimental data collected for different injected liquids, Wu et al. 

assessed C
D

 as about 1.7. The higher value is justified by the need to compensate the neglected 

effect of jet slowing down in the transverse direction, deformation and atomization, hypotheses in 

reasonable agreement with experimental observation in the very weak, low density crossflow 

studied by Wu et al. and far from the operating conditions of gas turbines. 
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Chapter 3. EXPERIMENTAL FACILITY AND DIAGNOSTICS 

3.1. Experimental Facility 

The scope of this work is to investigate the behavior of an atomization system, based on 

crossflow injection, in conditions useful to provide information about the operation of LPP gas 

turbine. This statement triggered the basic design of the experimental facility described in the 

following. The other design constrain is the possibility to have full optical access to the very 

injection zone, in order to explore the characteristics of the liquid jet issuing from the nozzle and 

interacting with the airflow. 

In most cases experimental investigation can be successfully approached by assuming that a 

complex phenomenon can be studied as a sequential combination of elementary processes. Moving 

from this point of view, the first problem is the correct assumption about the scheme of interaction 

of the elementary process, from which follows the sequence of progressively more complex 

processes to be investigated. In the case studied here, it must be stressed that the focus is placed not 

on the very beginning stages of the atomization process, since the investigation of the flow features 

inside the nozzle, and how it affects the jet behavior, is neglected. Another issue that has been ruled 

out in this study is the investigation of the effect of realistic airflow conditions on the crossflow 

atomization process. As a consequence in the design of the premixer a simple rectangular channel 

configuration is adopted, in which velocity profile of the turbulent airflow can be assumed 

approximately flat, except for the slower boundary layer close to the duct sidewalls. Such 

configuration allows looking into a physical phenomenon, say the injection of a liquid by means of 

a plain nozzle into an almost air crossflow, which is suitable for both experimental optical 

investigation and numerical modeling. The introduction of more realistic airflow conditions is 

matter of future research. 

With the aforementioned restrictions, the experimental facility is designed to reproduce 

geometry and working conditions comparable to the operation of the premixing channel of a LPP 
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gas turbine. A simplified sketch of the entire plant is reported in figure 3.1. Realistic conditions 

include, first of all, the availability of large amount of air at elevated pressure and temperature, like 

the airflow from the compression stage of a gas turbine. Since in the explored conditions the air 

mass flow rate roughly ranges between 500 and 2200 kg/h, it is necessary to operate the system in 

batch mode in order to match the required amount of air. As a consequence the air is compressed, 

by means of a 4-stages volumetric compressor, up to about 18 MPa and stored in a pressure tank of 

1 m3 volume. A regulation valve (indicated in figure as main pressure reducer) attends to the 

lamination of the air from the storage pressure to the test pressure. The main pressure reducer is 

able to set the outlet pressure of the airflow at the value of static pressure of an auxiliary line. This 

auxiliary line, pneumatically connected to the main pressure reducer, is fed with nitrogen and is 

provided with a Bronkhorst pressure electronic controller, allowing accurate regulation of the static 

pressure. The Bronkhorst pressure regulator is made of two parts, a measuring device placed on the 

main streamline and a controller acting on the pressure of auxiliary line until the main pressure 

reaches the setpoint value. Since the lamination process implies sudden fall of gas temperature, 

proper working of the main regulation valve is guaranteed by keeping it in a hot water bath, capable 

to provide the thermal power needed for the lamination. 

After the lamination valve is placed the heat-up section, consisting of a cylindrical heater 

provided with 18 electrical resistors and supplied by 380 V 3-phase voltage. In the adopted 

configuration the heater is capable to supply power up to 144 KW. A PID controller sets the power 

of the heater so that air temperature, measured in the test section close to liquid injection, matches 

the setpoint value. 

The scheme in figure 3.1 shows two different inlets to the compressor. As matter of fact in some 

of the explored conditions kerosene is injected into airflow at temperature and pressure close or 

above the autoignition conditions. In order to avoid the risk of occurrence of ignition in the 

premixer, in potentially dangerous conditions air is replaced by a stream of pure nitrogen. Nitrogen 

is available, at liquid state, in refrigerated Dewar bottle. Liquid nitrogen flows into the first stage of 
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the compressor through an iron coil dipped in a water bath. The passage in the coil favors the 

evaporation of nitrogen. The required latent heat is provided by the sensible enthalpy of water. In 

case of operation with nitrogen, a lambda probe is inserted on the line to monitor the level of 

oxygen in the gas stream. 

 

Figure 3.1. Sketch of the experimental facility. 

The airflow at the required pressure and temperature finally enters the premixer. A blow-up of 

the test section is sketched in figure 3.2. The scheme in figure shows four elements connected by 

flanges. The first element is an AISI-316 stainless steel duct with circular cross-section, shielded for 

thermal insulation. It collects air from three inlets and is designed long enough to allow flow 

straightening. The circular outlet of the first element introduces air to the first of the two twin 

modules with rectangular 25x25 mm2 cross section. Each module, in AISI-321 stainless stell, has 

length of 280 mm; therefore after the abrupt transition from 40 mm circular to 25 mm rectangular 

cross section the airflow has about 15 diameters to straighten, according to the purpose of the 

experimental setup to provide very simple and repeatable fluid-dynamical conditions. The velocity 

profiles at several axial positions in the test section were measured by using a PDA system, in 



Alessandro Bellofiore Ph.D. Thesis in Chemical Engineering 

 42 

absence of the liquid jet. The obtained results show a very regular air velocity profile, which is 

almost flat for more than 90% of the test section. 

By using a variable area diaphragm, mounted at the end of the channel and working as a sonic 

throttle, it was possible to regulate the gas flow rate and, hence, the airflow velocity in the test 

section. The regulation is actuated by an electric motor controlling the relative position of a 

movable conical pin and the circular outlet section of the last element of the premixer. A Pitot tube, 

placed in the first modular element as shown in figure 3.2, was used to monitor the air velocity in 

the channel midpoint during the tests. 

 

Figure 3.2. Details of the test section. 

The atomizing liquid is supplied to the nozzle by means of a nitrogen-pressurized vessel and 

regulated by a digital pressure control valve. Adjusting the pressure in the nitrogen-pressurized 

reservoir it was possible to change the liquid flow rate. Nitrogen and liquid pressures are measured 

and controlled by means of a Bronkhorst digital controller to ensure a stable and repeatable 

functioning of the system. The level of nitrogen dilution in the liquid fuel, in conditions close to 

thermodynamic equilibrium at room temperature and 50 bars pressure (upper limit of reservoir 

pressurization in performed measurements), was experimentally found to be very low (Battino et 
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al., 1984). Further considerations, concerning the characteristics and operation of the pressurization 

system, shift the estimation of the actual value on nitrogen dilution in the fuel far from the 

equilibrium value and then encourage neglecting the possible effect of nitrogen dilution on fuel 

surface tension. 

As told before, the test rig consisted of a fully accessible chamber with a square cross section of 

25x25 mm2, capable to resist to high pressures, up to 10 MPa, and high temperatures, up to 1000 K. 

The test section has been designed so that three of its walls house quartz windows that ensure the 

observation of the whole channel. On the fourth side a plain nozzle is mounted with the axis normal 

to the channel streamline. The pipeline for the adduction of the liquid from the nitrogen-pressurized 

reservoir to the nozzle has diameter of 1.5 mm, terminating in a nozzle-holder with the same inner 

diameter. The nozzle, plotted in red in the blow-up in figure 3.2, is screwed onto the holder and can 

be easily replaced. A 45° taper introduces the liquid flow to the terminal straight section of the 

nozzle having a length-to-diameter aspect ratio equal to 4. Some authors cared about reducing to a 

minimum liquid turbulence and unsteadiness, by accurately designing a laminar flow in a 

supercavitating nozzle (Wu et al., 1997, Sallam et al., 2004). That way they expect to have very 

little instability at the nozzle outlet, mainly due to the relaxation of liquid velocity profile out of the 

injection tube, so that it should be possible to study the pure crossflow atomization mechanism. In 

this work liquid is injected in turbulent conditions comparable to the realistic operation of gas 

turbines. 

Finally a 2-stage scrubbing system provides for cooling down and cleaning up the airflow. In the 

Venturi scrubber the injection of cold water reduces the air temperature and, at the same time, 

condenses and captures the kerosene dispersed in the airflow. Analogously in the following tank 

cold water is sprayed from the top, normally to the airflow. The presence of a tortuous path inside 

the tank improves the separation of liquid drops from the airflow. 
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Figure 3.3. Snapshot of the control panel used for the management of the experimental system. 

3.2. Monitoring and control of the experimental system 

Remote operation of the facility is realized by means of two main items: the Field Point system 

by National Instruments for distributed signal monitoring and control and the programming 

environment LabVIEW (version 7.1), again by National Instruments. Field Point consists of a 

communication module for interfacing with a PC via Ethernet, and an array of dedicated modules 

for the several tasks. The adopted configuration includes modules for monitoring analog signals 

from pressure transducers and from K-type thermocouples, digital signals from proximity sensors, 

and relay modules to open and close electro-mechanic valves placed across the pneumatic line. The 

proximity sensors check the actual position of the valves. A digital output signal drives the electric 

motor controlling the movable conical pin for the airflow velocity regulation. The program also 

monitors a differential pressure transducer connected to the Pitot tube in the test section. A serial 

connection links the PC to the already mentioned Bronkhorst pressure controllers, the former for the 
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nitrogen auxiliary line for driving the gas static pressure in the test section, the latter for the liquid 

injection system, based on the nitrogen-pressurized tank. So far the LabVIEW control panel, 

reported in figure 3.3, only switches on and off the electrical heater, whereas the temperature 

regulation is performed by a separate PID control device. 

Facility safety is assured by both electro-mechanical and passive-control devices, which prevent 

overpressure over the line. Furthermore a number of safety procedures are implemented in the 

control program, in order to avoid overpressure and overheating, also by automatically executing 

lamination valve shutting down and pressure reset in the main pneumatic line. Safe preheating of 

the test section, before operation in high temperature conditions, is achieved by means of an 

auxiliary airline fed by a low-pressure compressor. This auxiliary airflow delivers heat from the 

electrical heater to the test section in order to warm up the premixer, so increasing the time interval, 

during tests, in which gas temperature endures at the setpoint value. 

Figure 3.3 reproduces the appearance of the control panel during the operation with kerosene 

jet-A1 injected in air crossflow at 600 K and 2.0 MPa. The high-pressure is off, since nitrogen has 

been previously stored in the tank at about 18 MPa. Gas flows from the tank to the test section, and 

the static pressure is kept constantly at the setpoint value by the Tescom lamination valve, driven by 

the auxiliary line, whose pressure is set at about 2.0 MPa by one of the Bronkhorst controllers. The 

electrical heater is on and also is the low-pressure compressor, because when the test ends up the 

system is promptly switched to the low pressure airflow in order to remove heat from the test 

section and most of all to take away any residual kerosene. The panel also shows both gas and 

liquid velocity, the former measured by means of the Pitot tube, the latter evaluated from the 

pressure drop through the injector. 

3.3. Diagnostic setup 

A satisfying characterization of the liquid spray would require the implementation of several 

on-line diagnostic systems. This PhD thesis is part of a research project in which the adoption of 
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multi-diagnostic approach is pursued. First of all the study of the qualitative behavior of the spray is 

approached by means of a flash shadowgraphic scheme, consisting of a flash lamp for illuminating 

the region of interest and a digital camera for collecting the light extinction signal. The use of a 

laser sheet source, already available in the laboratory, instead of the flash lamp will allow collecting 

tomograms of the spray, and so a more detailed description of liquid phase behavior should be 

achieved. Quantitative measurement of droplet flow field is possible by means of either a PIV 

(Particle Image Velocimetry) arrangement, based on a laser sheet double pulse illumination, or a 

LD-PDA (Laser Doppler – Phase Doppler Anemometry) system. The former system has been 

already used in preliminary tests and quantitative measurements in conditions of interest for gas 

turbine are scheduled for the next months. The further adoption of a PDA system will provide also 

information about drop size distribution. Size data could also be obtained by evaluating the ratio 

between scattering signals collected at two different polarization planes. 

Up to date a shadowgraphic scheme has been set up using a low-pressure xenon flash lamp and a 

Pulnix 8-bit digital camera with maximum resolution of 640x480 pixels and minimum shutter time 

equal to 1:32000 s. Timebase generation and synchronization between these devices is managed by 

a BNC delay generator. An IMAQ PCI–1422 acquisition board from National Instruments was used 

to store the collected images. The sampling rate was fixed to the camera maximum, i.e. 240 Hz, by 

reducing the actual camera resolution to 640x200 pixels. The flash lamp pulse duration is equal to 

15 µs, which determines the actual exposure time. In the explored conditions liquid flows from the 

nozzle at velocity of several tens of meters per second, and so in time interval of 15 µs a drop of 

100 µm, traveling at 30 m/s, is expected to shift of about 5 diameters. As a consequence collected 

images are not perfectly frozen, thus preventing the local study of morphological aspects. 

The diagnostic technique, based on the principle of flash shadowgraphy, provides images in 

which a value on a gray level scale is associated to each pixel. This value accounts for the amount 

of light, emitted by the source and crossing the spray. As a consequence of diffusion and absorption 

phenomena taking place in correspondence of the liquid-gas interface of the spray droplets, light 
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attenuation occurs and the digital camera receives a damped signal. Light signal attenuation not 

only depends on the real and imaginary part of the refraction index of the media, but it gets stronger 

as droplet size and number along the light path is larger. The overall amount of liquid-gas interface 

intercepted by the light from the source to the camera contributes to light extinction, therefore it is 

not possible to get information about individual droplets. Furthermore the phenomenon of multiple 

scattering should be taken into account. The contribution of those photons, who have been scattered 

more than once and then reach the digital camera after a tortuous pathway, does not provide useful 

information about spray and should considered as a disturbance. All the mentioned problems make 

it difficult to obtain quantitative information from the shadowgraphic technique. This restriction, 

along with the limited spatial resolution of the camera, addresses the study into two directions: in 

conditions where the flow velocity is low enough morphological investigation is feasible to study 

the structure of the convoluting jet and the mechanisms of liquid disruption; in all the explored 

conditions only the global morphology of the spray can be investigated, mainly focusing on liquid 

placement and dispersion in the premixer. 

The acquisition rate of the digital camera, 240 Hz, is about two orders of magnitude lower than 

the estimated characteristic frequencies of the investigated phenomena. As a consequence direct 

temporal tracking of jet dynamics is not feasible and a statistical approach is to be adopted. For each 

test condition a 1000 frame sample was collected. The implementation of image statistical analysis 

techniques allows getting information on both spray morphological aspects, such as jet trajectory, 

breakdown, and liquid dispersion, and spray instability aspects, as will be shown in the following. 

The need for a quantitative characterization of jet behavior from the sampled images requires the 

implementation of a set of acquisition and elaboration procedures, written in LabVIEW 

programming environment and based on a standard library of image manipulation algorithms (NI–

IMAQ). These techniques were firstly introduced and discussed by Ragucci and Cavaliere (2002), 

but in the present work the larger amount of available images provides a more statistically relevant 

sample, improving the performance of the analysis tools. Complete description of image statistical 
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analysis procedures is presented in chapter 5, after introducing, in chapter 4, a survey of the 

investigated operating conditions. 
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Chapter 4. TEST CONDITIONS 

4.1. Liquid properties 

Since the framework is the research on lean premixed gas turbine combustors, the liquid fuel of 

interest, used in the experiments here presented, is kerosene jet-A1. In addition the behavior of 

water jets was investigated. The two liquids have density equal to 790 Kg/m3 for kerosene and 

about 1000 Kg/m3 for water, and viscosity of 

� 

1.5 !10
"3 and 

� 

10
!3 Kg/m s, respectively. The wide 

difference between the two liquids as regards the surface tension, which is about 0.022 N/m for 

kerosene and 0.073 N/m for water at room temperature, allows covering the range of values usually 

encountered in atomization problems (except for molten metals). It is important to underscore that 

the use of such two liquids can provide reliable information on surface tension effects, whereas 

liquid density and viscosity vary in a quite narrow range, so that pointing out the influence of these 

properties is out of the scope of this study. 

The formulation of correlations between breakdown point coordinates and dimensionless 

properties requires the estimation of air and liquid properties at the test conditions. As regards liquid 

properties, at room temperature the density is 1000 and 790 Kg/m3 for water and Jet A-1, 

respectively. These values have been held as reference density for high temperature measurements 

too, since the heat-up time of the liquid jet was assessed to be not lower than the jet lifetime. The 

surface tension depends on the temperature at the interface between phases, which is not easy to 

estimate. In isothermal conditions (300 K) water and Jet A-1 have surface tension of 0.0717 N/m 

and 0.022 N/m (Spadaccini and TeVelde, 1982), respectively. The effect of pressure on surface 

tension can be neglected due to the low solubility of air in both liquids. For the reported 

measurements at 600 K and 2.0 MPa, the boiling temperature of water is about 485 K, below the 

test temperature, while for Jet A-1 it is 670 K, higher than the test temperature. It can be thus 

assumed that the maximum temperature that can be reached at the interface does not rise above 485 

K, for water, and 600 K, for Jet A-1. An estimation of the lowest interfacial temperature can be 
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obtained by following the classical approach to the vaporization of a single-component drop in 

quiescent gas (Sirignano, 1999). Under the strong hypotheses of this model, a conservative value of 

the interface temperature can be assessed as 400 K for water and 450 K for Jet A-1. This estimation 

should be considered conservative because in the premixing duct the presence of steeper gradients, 

due to the relative motion between phases, allegedly pushes up the interface temperature. In the 

range [400,485] K the surface tension of water is comprised between 0.053 and 0.035 N/m, as 

calculated following the Release on Surface Tension of Ordinary Water Substance, issued in 2004 

by the International Association for Properties of Water and Steam (IAPWS) and available on the 

website http://www.iapws.org. The same report has been followed for the value of surface tension 

of water at room temperature, reported above. For Jet A-1 the interval of expected interface 

temperature is wider, [450,600] K, and so the expected value of surface tension ranges between 

0.012 and 0.003 N/m, as calculated with the equation suggested by Spadaccini and TeVelde (1982). 

The values of surface tension for water and Jet A-1 have been assumed equal to 0.042 and 0.0076 

respectively by assuming a surface temperature equal to the average value of the two limits. 

aa

1.0 MPa (10) 1.6 MPa (16) 2.0 MPa (20)

300 K (F) 600 K (C) 300 K (F) 600 K (C)

water ( W)
nozzle 0.3 (3) W3F10 W3C20

nozzle 0.5 (5) W5F10 W5F20 W5C20

kerosene (K)
nozzle 0.3 (3) K3F10 K3C16 K3C20

nozzle 0.5 (5) K5F10 K5F20
 

Table 4.1. Matrix of the investigated experimental conditions. Labels in red will be used in the 

following to indicate test cases. 

4.2. Test cases 

The airflow pressure was set at 1 and 2 MPa, while reference air temperatures were 300 and 600 
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K. Explored velocity ranges were 15-50 m/s for liquid injection and 20-55 m/s for airflow. Two 

nozzles with outlet diameter of 0.3 and 0.5 mm were used. The discharge coefficients of the nozzles 

were preliminarily evaluated and found to be respectively 0.75 and 0.69. 

In the following test cases are defined by four elements: nature of liquid, nozzle outlet diameter, 

air temperature and pressure. Table 4.1 reports the matrix of the investigated test cases, each case 

represented by a red label, such as W3F10, which means a test case with water (W) injected through 

a 0.3 mm nozzle (3) in airflow at room temperature (F) and 1.0 MPa pressure (10). Table 1 also 

shows that 10 test cases were investigated, among which the case labeled K3C20, say kerosene 

injected through 0.3 mm nozzle in nitrogen at 600 K and 2.0 MPa, is perhaps the closes to the real 

gas turbine operating conditions. For each test case several experimental conditions were studied by 

varying both gas and liquid velocity. A total amount of 298 experimental conditions was 

investigated. In order to present a complete review of these conditions, table 4.2 presents the 

definition of the relevant dimensionless parameters, whereas tables 4.3-12 report a summary of the 

explored test conditions, grouped by test case, along with the values of the dimensionless 

parameters. 

The liquid-to-air momentum ratio q ranges over almost 2 orders of magnitude, from 5 to about 

300. It has been considered the main (e.g. Becker and Hassa, 2002), and in some case the only (e.g. 

Wu et al., 1997), dimensionless parameter affecting the crossflow atomization process. As matter of 

fact the q number accounts for the interaction between the inertia of the liquid jet, expressed by its 

dynamic pressure !
L
V
L

2 , and the dynamic pressure !
G
V
G

2  of the gas flow, responsible of the 

bending drag force. 

The Weber number too is expected to play a role, also in consideration of the observed similarity 

between the mechanisms of jet breakup in crossflow with the aerodynamic shattering of drops 

(Sallam et al., 2004). Dimensional analysis (Adelberg, 1967) suggests that in the present conditions 

the capillary waves, promoted by the relative velocity at the interface (!V
L

 close to the injection 

point) dominate the process rather than acceleration waves due to gas dynamic pressure. As a 
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consequence the dimensionless parameter supposed to influence the process is the aerodynamic 

Weber number, formulated as reported in table 4.2. In the investigated set of experimental 

conditions the aerodynamic Weber number 

� 

We
aero

 varies even more than q, ranging between 7 and 

about 1200. The values of the gas-phase Reynolds number give an indication of the turbulence 

intensity in the test section. 

 

Table 4.2. Dimensionless parameters of interest for the crossflow atomization problem. 

 

Table 4.3. Test conditions for kerosene jets with 0.3 mm nozzle outlet diameter, 1.0 MPa and 

300 K air reference conditions (K3F10). 
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Table 4.4. Test conditions for kerosene jets with 0.3 mm nozzle outlet diameter, 1.6 MPa and 

600 K air reference conditions (K3C16). 
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Table 4.5. Test conditions for kerosene jets with 0.3 mm nozzle outlet diameter, 2.0 MPa and 

600 K air reference conditions (K3C20). 
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Table 4.6. Test conditions for kerosene jets with 0.5 mm nozzle outlet diameter, 1.0 MPa and 

300 K air reference conditions (K5F10). 
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Table 4.7. Test conditions for kerosene jets with 0.5 mm nozzle outlet diameter, 2.0 MPa and 

300 K air reference conditions (K5F20). 

 

Table 4.8. Test conditions for water jets with 0.3 mm nozzle outlet diameter, 1.0 MPa and 300 

K air reference conditions (W3F10). 
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Table 4.9. Test conditions for water jets with 0.3 mm nozzle outlet diameter, 2.0 MPa and 600 

K air reference conditions (W3C20). 
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Table 4.10. Test conditions for water jets with 0.5 mm nozzle outlet diameter, 1.0 MPa and 300 

K air reference conditions (W5F10). 
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Table 4.11. Test conditions for water jets with 0.5 mm nozzle outlet diameter, 2.0 MPa and 300 

K air reference conditions (W5F20). 

 

Table 4.12. Test conditions for water jets with 0.5 mm nozzle outlet diameter, 2.0 MPa and 600 

K air reference conditions (W5C20). 
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Chapter 5. IMAGE STATISTICAL ANALYSIS PROCEDURES 

5.1. Jet trajectory and momentum coherence breakdown 

Jet breakup location is considered a major concept for the development of physically consistent 

modeling tools for spray behavior prediction. Nevertheless, this parameter is still enveloped by a 

definition ambiguity, since in the atomization process the onset of discontinuities in the liquid phase 

can produce several observable phenomena, as already pointed out in chapter 2. Along with the 

conceptual ambiguities, the aforementioned inability of diagnostic techniques to capture the actual 

jet dynamics represents a further problem to the study of jet breakup. The substantial inaccessibility 

of the liquid jet, mostly in the so called surface breakup regime (Wu et al., 1997) promoted by high 

air density typical of LPP conditions, makes difficult the task of individuating a column fracture 

point by means of direct inspection of spray images. Moreover even in the case of weak atomization 

(column breakup regime) the practice of evaluating the location of breakup by directly observing 

collected spray pictures appears to be largely unsatisfactory since it suffers from subjectivity and 

non-repeatability. In addition the available data have been obtained from ensembles of a limited 

number of pictures so that experimental uncertainty due to the unsteady nature of the process is not 

overcome by a statistically significant sampling. Additional source of mistakes in the evaluation of 

breakup is provided by the presence of asymmetric waves along the jet, so that the liquid column is 

deeply distorted resembling in some points the occurrence of a discontinuity. 

The liquid jet momentum coherence breakdown concept was firstly introduced by Ragucci and 

Cavaliere (2002) as an attempt to overcome both conceptual ambiguities and experimental 

uncertainties. The non-theoretical definition is based on the implementation of an image statistical 

analysis procedure, which evaluates the occurrence of a sudden collapse of jet resilience to the 

unsettling action of propagating interface waves. The present work presents a fully automatic, and 

then repeatable, routine developed to evaluate the occurrence and location of the coherence 

breakdown point. A further advantage is the possibility of using a suitably large image sample, 
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reducing uncertainties due to statistical fluctuations. 

 

Figure 5.1. Example of the clean-up procedure based on the background image removal. Image 

a is as collected by the digital camera, while image b results from the subtraction to 

the background image. The spray is kerosene injected by a 0.3 mm nozzle in airflow 

at 1.1 MPa pressure and 300 K temperature. Liquid velocity is 22 m/s and air 

velocity is 21 m/s. 

As a first step for image elaboration, for each measurement a background image is collected and 

then used to clean up the spray images, increasing the signal-to-noise ratio and removing the 

disturbance due to elements intercepting the light path by not belonging to the spray. Figure 5.1 

shows an example oh this procedure, which improves the image labeled as 5.1a, by subtracting it 

pixel by pixel from the background image. The result is reported in figure 5.1b. These pictures also 

show the loss of few millimeters at both top and bottom part of the image, due to the presence of 

stray light reflected by the channel sidewalls. 

 The spray windward profile is extracted by applying a threshold to binarize the single frame. 

The result is a 1-bit image with only two kinds of pixel: the background pixels, whose extinction 

signal is lower than the threshold value, and the spray pixels, whose extinction signal is higher. 

Scanning the image row by row from left to right and collecting for each row the first pixel of the 

spray provides an approximation of the windward boundary of the spray, even though the collected 

pixels do not represent a continuous line. 

Figures 5.2a and 5.2c show single frames of a kerosene spray as collected by the digital camera 

for air velocity of 21 m/s and liquid velocity of 36 and 22 m/s, respectively. Both frames are 
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characterized by a regular development of instabilities along the jet, but it should be noted that for 

each condition only part of the 1000 frames collected show such regularity, since the presence of 

unsteady phenomena, probably connected to eddy shedding, causes the jet to flutter. Moreover the 

camera frame rate results to be too low to capture the dynamics of both jet fluttering and surface 

wave growth, so that quantitative information cannot be obtained about characteristic frequencies. 

An attempt to record images with an high speed camera (up to 5000 fps) to determine the 

characteristic frequencies of jet waving and surface waves displacement demonstrated that they are 

higher than the camera maximum frame rate. 

 

Figure 5.2. Kerosene spray single frames (left column) and average images (right column) are 

reported for two conditions: air and liquid velocity respectively 21 and 36 m/s (top 

row) and 21 and 22 m/s (bottom row), at 1.1 MPa air pressure and 300 K air 

temperature. Spray windward profiles are overlaid to average images. 

Images in figures 5.2b and 5.2d are achieved by averaging on the 1000 frames ensemble at the 

same conditions of the single frames reported in the left column. The spray average windward 

profile, evaluated as the average of the 1000 upper boundaries obtained from single frames, is 
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superimposed on the average image. That profile is assumed as representative of the trajectory of 

the liquid jet. 

A further statistical procedure that has been exploited consists in calculating the square average 

shift between single frame and average image trajectories, as a function of the transverse distance z 

from the nozzle outlet: 

 

� 

S(z) =
1

N
x
i
(z) ! x

M
(z)[ ]

2

i
"  (1) 

In Equation (1) 

� 

x
i
(z)  and 

� 

x
M
(z) represent the position, along the axis parallel to the airflow, of 

the single frame and average image trajectory respectively. 
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Figure 5.3. Outline of the automatic procedure for the individuation of the jet breakdown point. 

As shown in figure 5.3, the 

� 

S  profiles versus the distance from the nozzle, z, can present two 

different behaviors, depending on test conditions. Initially 

� 

S  grows with a moderate gradual slope, 

afterwards it can either continue to increase gradually (type I behavior) or present at a certain z 

value a sudden increase up to values one order of magnitude higher than in the previous case (type 

II behavior). The moderate gradual increase, observed in both cases, can be interpreted as the effect 
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of the small jet fluctuations caused by the turbulent interaction of the two phases. The explanation 

of the sudden increase in the curves, observed in the second set of profiles, requires a more detailed 

argumentation. The increase is very steep and occurs in a very limited space interval. Typical 

profiles register an increase of one order of magnitude in less than 2 mm of the transverse distance 

z. The position of this profile knee changes with the operating conditions. This peculiar 

phenomenology is observed only when the kinetic content of the liquid phase is sufficiently low to 

prevent jet impingement onto the opposite wall of the channel without significant bending. On the 

basis of an analogous statistical analysis of 200 images collected for each test condition, it has been 

proposed that the rapid boost of 

� 

S  occurs only when the compact structure of the liquid column 

collapses in large fragments and a coherent jet no longer sustains the spray (Ragucci and Cavaliere, 

2002). This loss of coherence is referred to as jet coherence breakdown, and it corresponds to the 

point after which the jet does not behave as a continuous liquid column. A speculative interpretation 

of the 

� 

S  profiles relies on the hypothesis that the liquid column underneath the visible plume of 

drops works such as a skeleton for the spray, governing its overall shape and preventing it from 

undergoing too large fluctuations due to the aerodynamic turbulence. As long as there is a liquid 

coherent structure opposing resistance to the drag force exerted by the airflow, the index 

� 

S  registers 

small fluctuation in the spray windward profile. After the jet breakdown point the jet loses its 

coherence, probably due to the rupture of the liquid column, and the airflow easily drags residual 

liquid structures, either liquid ligaments or drops. In the following the position of the point where 

the sudden increase in the 

� 

S  profiles can be observed, with respect to the nozzle outlet, will be 

indicated by means of a breakdown transverse and downstream distance, respectively referred to as 

� 

x jb  and z jb . The existence of a jet coherence breakdown is relevant also in the modeling of jet 

behavior, since the mathematical description of a jet bent by a transverse airflow is quite different 

from the one appropriate to describe the interaction of drops or insulated liquid fragments in the 

same conditions. 

Relying on a more statistically relevant sampling than in a previous study (Ragucci and 
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Cavaliere, 2002), a fully automated procedure has been developed for the determination of the jet 

coherence breakdown point. This procedure is based on the experimental observation that for every 

test condition, up to the occurrence of the sudden increase, the behavior of 

� 

S z( )  is regular and well 

represented by an exponential curve, as shown in figure 5.3. Even though the parameters of the 

exponential law depend on the experimental condition, it has been possible to build up an automatic 

routine for the determination of the best fitting exponential curve for each measurement. The 

routine starts considering a small initial portion of the experimental 

� 

S z( )  profile and calculating the 

best fitting exponential curve, thus progressively larger values of z are included by iteration. This 

way to build up the best fitting exponential curve allows cutting off the points of 

� 

S z( )  beside the 

breakdown locations, points that would be wrongly accounted for by a simpler overall exponential 

interpolation. A standard statistical index is used to individuate the point on the jet trajectory after 

which the gap between exponential curve and 

� 

S z( )  becomes larger than a chosen tolerance. The 

coordinates 

� 

x jb  and z jb  of that point are respectively the downstream and transverse distances of the 

jet coherence breakdown point from the injection point. The determination of the jet coherence 

breakdown point can also be made, in a simpler way, by using a threshold criterion applied either 

on the 

� 

S z( )  curve or on its derivative. The discriminative algorithm used here allows for avoiding 

both the subjectivity implied in the choice of a threshold value and the possible errors introduced by 

the presence of noise in the single profiles. This latter problem has been verified to be even more 

relevant when using procedures based on the computation of numerical derivatives even when a 

regularization of the data is previously applied. 

5.2. Morphological analysis of the spray 

As already pointed out in the previous section, the analysis of images generally starts from the 

definition of a region of interest, to be separated from the residual part of image, referred to as 

background. In the case of a sprayed jet, the zone on which one would focus attention is the portion 

of the image where liquid fragments intercept a line of sight between the illuminating source and 
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the image-capturing device. The interposition of drops causes a local attenuation of the intensity of 

the collected light signal, essentially due to absorption and scattering phenomena. Operatively the 

separation between the spray region and the background is performed by assigning a threshold 

value to the light signal extinction, and thus cutting off all the parts of the image for which the light 

attenuation is weaker than the level fixed by the threshold value. The choice of the threshold value 

would be somewhat easier if the distribution of light extinction intensity were bimodal. 

Unfortunately in the case studied here, the progressive liquid atomization and droplet dispersion 

result in the presence of slight gradients over the image, preventing a straightforward individuation 

of a criterion of separation between spray and background. As matter of fact a peculiarity of the 

images of liquid jets in crossflow is the existence of steep gradients on the windward side of the 

spray and of much more progressive gradients on the leeward side. As a consequence the choice of 

the threshold value has little effect on the appearance of the windward spray profile, and then it did 

not represent a critical point for the reconstruction of the jet trajectory (Ragucci et al., 2007). 

Aiming to evaluate the morphological and dynamical aspects of the whole spray plume, the chance 

to achieve a “correct” choice of the threshold level is at the same time relevant and somehow 

arbitrary. Missing indeed a step transition from the spray to the background, the selection of a cut-

off value has to match the requirement of how much of the spray one want to focus on. In the image 

analysis presented in this study it was decided to set a threshold value equal to the 50% of the 

maximum value of light extinction detected over a whole set of images, and so a different value was 

assigned to each set, in order to sweep off any accidental variation in the illumination conditions. 

Beside the problem of discriminating between spray and background, another critical point is the 

unsteadiness of the spray plume. This means that in a set of N images, captured in sequence by 

keeping unchanged the operating conditions, some general aspects of the spray are common to the 

N events, being they different from each other. A statistical approach is interested in evaluating 

both the common features, which define the average behavior of the spray, and the elements that 

differentiate each individual occurrence of the spray from the average. In other words, chosen a 
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non-deterministic property detectable from each image of a statistic sample, object of this study are 

the mean value and the standard deviation of the property over the sample. 

 

Figure 5.4. Four images representing, pixel by pixel, the mean and the standard deviation of 

light extinction intensity (native images) and spray occurrence (binary images) . 

Distances are in mm. (Test case: W5F20, VL = 23 m/s, V
G
=  26 m/s ) 

The simplest property to be evaluated over a set of digital images is whether the spray 

“occupies” a certain pixel or not. This can be easily obtained by replacing the extinction signal of a 

pixel by a “1” if the value in that pixel overcomes the threshold value, and by a “0” if it does not. 

This simple non-linear operation allows creating a “binary” image starting from a “native” image; 

the inverse operation is obviously unfeasible. Native images are what the digital camera actually 

collects, and so they represent the field of intensity of light signal extinction. As a consequence for 

each experimental condition a set of N native images and a set of N corresponding binary images is 

available. Comparative analysis of the N images aims to point out features common to the whole set 
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and elements not systematically occurring in all the frames. This analysis passes through the 

evaluation of the average and standard deviation of a set of images. 

Figure 5.4 reports four different images that can be generated by evaluating, pixel by pixel, the 

mean and the standard deviation of light extinction intensity (native images) and occurrence (binary 

images) of the spray. The intensity scale is normalized to the maximum. The reference case for this 

and all the following images is water injected at 23 m/s from a 0.5 mm plain nozzle in 2.0 MPa and 

600 K air crossflow at 26 m/s. In all the investigated experimental conditions the number N of the 

sampling is set to 1000. 

 

Figure 5.5. Average binary image (the same as in figure 5.4c), plotted in 3D view. 

5.3. The centerline of the spray 

The average native image (figure 5.4a) appears quite different from the average binary image 

(figure 5.4c). As point of fact each individual binary image is made up of pixel with value equal to 

1, say the pixels in correspondence of which some portions of the spray interpose between the light 

source and the camera, and pixels with value equal to zero. In the latter case either the light path is 

not intercepted by the spray or light undergoes attenuation lower than the assigned minimum 
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threshold. As a consequence of the overlapping of the 1000 frames of a sample, each pixel will be 

given a value in the range between zero, in the case of light pathways never intercepted by liquid 

fragments, and 1000, as for those pixels systematically occupied by the spray. Since the spraying 

process is intrinsically unsteady, in the average binary image is a number of pixels with a value 

intermediate between zero and 1000. This in-between value can be thought of as the probability that 

the spray intercepts the line-of-sight of a certain pixel. From this point of view the average binary 

image can be seen as a probability map of the occurrence of the spray. 

 

Figure 5.6. Example of probability profile at a value of curvilinear coordinate. 

The typical average binary image, reported in figure 5.4c, is characterized by the zero-

probability of the whole background, whereas in the spray zone the probability grows as one moves 

from the boundary to the centerline of the spray (see the same image as in figure 5.4c, reported in 

3D view in figure 5.5). In other words it can be stated that, supposing to move along a curvilinear 

coordinate following the spray propagation streamline, the plane normal to each point of the 

coordinate identifies a probability distribution, as showed in figure 5.6. The 3D plot in figure 5.5 
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reveals that, despite the resort to 1000 sampled images, the probability map is even so characterized 

by the presence of irregularities due to residual noise. Anyway the disturbance appears less intense 

in the near field, where the distributions clearly show a peak close to the central zone of the spray 

and reduce to zero towards the boundary of the spray. 

Given such a curvilinear coordinate following the spray stream, the whole average binary image 

can be reconstructed as a succession of probability profiles, and each of them can be replaced by a 

normal distribution to reduce the effect of noise. In figure 5.7 some examples of the normal 

distributions are plotted. The successfulness of such interpolation, mostly in the near field, is 

connected to the symmetry of the probability distributions. The choice of a cut-off threshold of 50% 

is actually meant to discard enough of the leeward spray plume, so that a good level of symmetry is 

achieved. 

 

Figure 5.7. Normal distributions replacing the probability profiles for a reduced number of 

centerline points. 

Once the experimental distributions have been replaced by interpolating normal distribution, it 

seems interesting to investigate the behavior of these Gaussian curves. In general the probability 
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profiles appear narrower close to the injection point, whereas a higher spread is clearly visible as 

one moves along the centerline. This fact is connected to the progressive increase of the whipping 

of the liquid spray, and is discussed later in this chapter. As regards the morphological aspects, 

figure 5.7 points out (in blue dots) the peaks of the distributions, along with their projections on the 

xz plane, representing the medians of the normal distributions. Quite remarkable is the fact that the 

medians follow a curve whose behavior recalls the already discussed jet trajectory. 

The locus of the medians of all the interpolating normal distributions along the curvilinear 

coordinate is defined as the centerline of the spray. Figure 5.7 also shows that the point of the 

medians con be interpolated to achieve a regular, even analytical, curve. The issue of either 

interpolation or analytical description of the spray centerline is discussed in the chapter of the 

experimental results. 

 

Figure 5.8. Typical average binary image. The overlapped curves are the jet trajectory (blue 

line) and the spray centerline (red line). 

Figure 5.8 plots again a typical average binary image and overlays the spray windward profile 

(blue line) and the locus of the medians of the interpolating normal distributions (red line). Since 

the airflow drags the stripped fragments downstream and so a thin shield of droplets envelops the 
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liquid column, the spray windward profile corresponds to the trajectory of the liquid jet, as pointed 

out before. On the contrary the spray centerline provides information of placement and evolution of 

the core of the liquid plume. 

5.4. Determination of the spray centerline 

The definition of spray centerline stems from the investigation of morphological features of the 

plume of droplets. So far this investigation has identified the characteristic behavior of the 

probability map and moreover has defined a convenient approach for the analysis of the spray, 

based on the reconstruction of the three-dimensional probability map as a collection of 

two-dimensional profiles on the planes normal to the line of propagation of the spray. It is important 

to stress that the choice of the line of propagation, or curvilinear coordinate, affects the appearance 

of the probability distributions, as an effect of the modified angles at which the normal planes cut 

the probability map. From a conceptual point of view, the most natural choice for the curvilinear 

coordinate seems to be the centerline itself, suitable to describe how morphological and statistical 

parameters behave as the spray evolves from the injection point up to the ultimate disintegration. 

The operative implementation of such choice introduces some problems, since it is obvious that the 

determination of the centerline requires that the centerline itself is preliminary known, as the 

propagation line required to identify the normal planes. The stalemate can be broken by setting up 

an iterative procedure, which starts from an approximation of the centerline to reconstruct the 

probability profiles, interpolate them with normal distributions, evaluate their medians, interpolate 

the locus of the medians and finally achieve an improved approximation of the centerline. It has 

been observed that the curvilinear coordinate strongly influences the appearance of the normal 

distribution, but it less affects the overall look of the resulting centerline, and the discrepancies 

further decrease after the interpolation. Therefore the implemented iterative procedure is actually 

little sensitive to the tentative value, and so the liquid jet trajectory is chosen as first-step estimation 

of the centerline. Due to the little sensibility of the procedure, the iterative calculation rapidly 
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converges to the correct solution. As matter of fact it has been verified that the third-step centerline 

does not significantly differ from the second step. 

5.5. Instability and intermittency of the spray 

The evaluation of the average behavior of both native and binary images allowed for 

investigating the morphological features of the spray. The intrinsic unsteadiness of the spraying 

process has been already mentioned and is a matter of interest, since spatial and temporal non-

uniformities of the air/fuel mixture are considered potentially responsible of the onset of undesired 

instability phenomena in the combustion process. The statistical analysis of spray fluctuations is 

based on the evaluation of the standard deviation of both native and binary images. An example of 

the resulting images is reported in figures 5.4c and 5.4d, respectively. 

The variance of the native image (figure 5.4c) can be seen as a plot of the instability field of the 

spray, being the value associated to each pixel representative of the level of local unsteadiness of 

the light signal attenuation due to the interposition of liquid fragments and drops. In other words the 

atomization process produces a plume of traveling fragments and droplets, whose density and size 

are distributed, in space and time, with a highly irregular pattern. As a consequence the line-of-sight 

of a pixel in the spray region is occupied by a temporally variable amount of droplets, resulting in 

fluctuations of the light extinction signal. The intensity field plotted by the standard deviation of the 

native images is mainly attributable to this phenomenon, and so this image is assumed to represent 

the instability map of the spray. This image typically shows a rather uniform instability throughout 

the wall region covered by the spray, with a little and gradual increase of the light attenuation 

flickering as one moves towards the upper edge of the spray. This behavior is probably due to the 

presence, near to the wall housing the injector, of a fine spray (stripped from the liquid jet by the 

airflow), whose granulometry and spatial distribution result in a low level of fluctuation of the 

detected light signal. By rising up to the top edge of the spray, the presence of larger fragments, still 

to be further atomized, is supposed to be responsible of a worse dispersion in the gas phase, as 
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testified by the slightly higher flickering of the signal. 

 The variance of the binary image (figure 5.4d) must be attributed to a different oscillatory 

phenomenon, since the binarization process nearly neutralizes the fluctuations due to the irregular 

distribution of droplets in the channel. Unsteadiness of the binary images mainly stems from global 

whipping of the spray and only marginally depends on the stochastic flickering due to the local, 

even small, fluctuations of the light extinction signal. As a consequence it can be stated that the 

standard deviation of binary images depicts the whipping field, intermittency map, of the spray. In 

this map, the pixels with higher values are characterized by a higher uncertainty to find there the 

spray, and typically the maximum uncertainty is localized in the surroundings of the spray 

boundary, as reported in figure 5.4d. 

Incidentally, it must be noted that figures 5.4c and 5.4d are not independent from each other. As 

matter of fact, due to the circumstance that each pixel can assume value either 0 or 1, the mean 

value µ  (probability) and the standard deviation !  (uncertainty) are correlated as: 

 ! = µ 1" µ( )  (4) 
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Chapter 6. EXPERIMENTAL RESULTS 

The keywords of the experimental work performed in this PhD thesis are: 

• investigation of the behavior of a liquid jet sprayed in air crossflow; 

• exploration of a wide range of experimental conditions, by varying nearly all the operating 

parameters; 

• collection of shadowgraphic images of the spray, with a sampling of 1000 frames for each 

test condition; 

• classification of the measurements in a database of 298 experimental conditions, grouped in 

10 test cases; 

• development of image statistical analysis procedures for elaborating raw data. 

In section 6.1 the qualitative study of the spray, based on a separate set of experimental data 

collected in controlled conditions and with a different diagnostic configuration, is presented. 

The developed statistical analysis procedures focused on the quantitative study of morphological 

and dynamical features of the liquid jet, whose results are presented in section 6.2, and of the whole 

spray plume, whose results are accounted in section 6.3. 

6.1. Qualitative study of spray morphology 

6.1.1. Modified diagnostic configuration 

A qualitative description of the main phenomenological features of the spray has been already 

provided in chapter 2 on the basis of experimental evidence and theoretical inference collected so 

far in the open literature. In the experimental work performed for this PhD thesis phenomenological 

investigation has been carried on in parallel and separately from statistical analysis. The latter 

required a massive sampling and so the configuration of the digital camera with the highest 

acquisition rate was selected. Results presented later on statistical analysis are based on images with 

spatial resolution of 640x200 pixels and acquisition rate of 240 Hz. Aiming to a qualitative study of 
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the morphology of the spray, as it is observed by the camera, a different configuration was chosen 

in order to enhance the image quality. As a consequence the camera was arranged to collect 

640x480 pixel images. Doubling the spatial resolution resulted in a lower acquisition rate, about 

100 Hz. Moreover it was decided to further improve the magnification, by zooming on a smaller 

portion of the premixer, close to the injection point. The camera was also rotated by 90°, so that the 

observed region is 13.5x16 mm wide. The length of 13.5 mm, in the airflow direction, corresponds 

to about 20% of the length observed in the baseline configuration used for statistical analysis, while 

in the other direction the 60% of the original length was retained, thus allowing for observing about 

half of the width of the premixing channel. Figure 6.1 shows a typical image collected with the 

configuration just described, along with a magnification of the near field, where the mechanisms of 

inception of the atomization process are observable. 

 

Figure 6.1. Instantaneous image of a water jet injected in a 1.0 MPa, 300 K air crossflow. 

(We
aero

= 6 ; q = 20 ). The image on the right is a 2x zoom of the zone included in the 

red box. 
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Table 6.1. The set of experimental conditions investigated only in the phenomenological study 

with a suitable diagnostic configuration. 

6.1.2. Experimental conditions for phenomenological analysis 

The study of qualitative morphology required the collection of a separate set of experimental 
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data. Aiming to improve the possibility to observe the behavior of the liquid column as it issues 

from the nozzle and then interacts with the crosscurrent airstream, the choice of conditions to be 

investigated resulted biased towards a range where weaker interplay with the airflow produces a 

poorer atomization. As a consequence measurements with relatively low gas and liquid velocity 

were collected, also in order to contain the jet penetration within the limits of the adopted diagnostic 

configuration. Figure 6.1 shows that, if the velocity of both phases is low, the liquid jet survives for 

a while without evident drop shedding. 

These 49 experimental conditions are listed in table 6.1, in which air reference temperature and 

pressure, liquid and air velocity and dimensionless parameters are reported. It must be emphasized 

that these measurements were used only for qualitative phenomenological investigation, and so they 

miss in both statistical analysis and numerical model validation presented later on. 

For this particular purpose distilled water was injected in airflow at various conditions in order to 

study the effect of operating parameters on jet behavior and atomization mechanisms. At gas 

temperature equal to 300 K data were collected mostly at gas pressure of 1.0 MPa, with only few 

measurements at 2.0 MPa. Two further gas temperature were investigated, 450 and 600 K, and in 

both cases gas pressure was kept at 2.0 MPa. Velocity range is between 5 and 35 m/s for the liquid 

and between 20 and 35 m/s for the gas phase. 

6.1.3. Mechanisms of atomization 

A typical instantaneous frame of the spray collected in moderate injection conditions is 

reproduced in figure 6.2. Here it can be observed that the liquid jet issuing from the injector initially 

undergoes some surface distortions due to the high level of turbulence generated inside the nozzle. 

It seems that at the very outlet section the cross-section of the jet is only roughly circular. After few 

millimeters small waves become obvious on the windward profile of the jet. Presumably below this 

height they are under the resolution limit of the camera. These waves clearly develop along the jet 

and therefore their amplitude grows. The elongated waves on the windward profile are 
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progressively deflected by the air drag. In the meanwhile the visible width of the cross-section of 

the jet shrinks to less than 50% of the initial thickness. Since no mass removal is observable at this 

stage, it is probable that this width reduction is connected with a flattening of the jet cross-section, 

although it is impossible, from this view, to understand the actual shape of the flattened jet. This 

shape should be however more complicated than the expected elliptical or lenticular shapes, as it 

can be inferred by the fact that the air is able to blow into the liquid column forming a bag. In these 

operating conditions liquid disruption seems to be mostly attributable to bag explosion, whose 

further effect seems to be an enhancement of column distortion. After a minimum width reached 

just before the formation of the bag, progressive loss of continuity and coherence of the liquid jet 

occurs, as can be observed by applying to the image some simple image elaboration tools available 

in Adobe Photoshop™ 7.0. The image is firstly sharpened in order to aid edge detection, and then 

the spray contour is traced. These two steps are reported as the first two frames of figure 6.3. 

The frame a of figure 6.3 is obtained by masking the spray image with a sharpening operator 

(amount: 500%; radius: 4.0 pixels; no threshold). It shows better defined contours, which can be 

extracted by “trace contour” routine (threshold: 50%), as reported in figure 6.3b. The low level of 

atomization allows detecting most of the individual droplets removed from the jet. In addition the 

large fragments resulting from the final breakup of the liquid jet are clearly visible in the upper 

region of the image. Figure 6.3c is obtained from the previous frame by filling up (in black color) 

the area delimited by the single continuous boundary connected to the injection point. Even if the 

jet undergoes severe distortion, air entrainment and mass removal, in the reported instantaneous 

picture it holds continuous for a while after the point of minimum width. The inset of figure 6.3c 

shows a magnified portion of the jet, from first bag onset up to the interruption of the detected 

continuity of the liquid column. It emphasizes the progressive increase of the level of air 

entrainment, the growth of surface waves on the windward profile (deformed until some small 

vortexes appear), and the presence of ligaments on the leeward side of the jet, generate by bag burst. 
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Figure 6.2. Instantaneous image of a water jet injected in a 1.0 MPa, 300 K air crossflow. 

(We
aero

= 16 ; q = 54 ). 

The individuation of a continuously connected surface, as pointed out in figure 6.3c, could 

suggest a heuristic method to evaluate the intact length of the jet. Several procedures similar to the 

suggested one have been found in literature, but in this study it was observed that this method could 

give reasonable results only when the level of atomization is low. A more intense cloud of drop 

envelops the jet and makes it hard, where not impossible, to detect the actual contour of the 

underlying jet. In the following section results on a rigorous statistical procedure for jet breakdown 

detection will be presented. 
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Figure 6.3. Manipulation of the image in figure 6.2. Frame a is the outcome of the operator 

“sharpen unmask”, while frame b results from “trace contour”. Frame c is obtained 

from frame b by filling the single contour connected to the injection point. The inset 

is a zoom of the primary breakup region. 
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6.1.4. Dependence on dimensionless parameters 

Figure 6.4 presents instantaneous images of four experimental conditions characterized by 

increasing value of aerodynamic Weber number. 

 

Figure 6.4. Synopsis of the atomization mechanisms. Increasing the aerodynamic Weber number 

pushes the jet from bag breakup towards shear breakup and atomization regime. 
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The top-left image in figure 6.4 refers to a spraying condition with We
aero

= 1 . In this regime the 

development of surface instabilities is quite slow, therefore there is time for the formation of a large 

bag, as clearly observable in the image. Capillary pressure plays a relevant role, and so the breakup 

produces big fragments and few satellite droplets. The second frame in figure 6.4 reports the 

injection of water at We
aero

= 7 . This condition has been selected since it presents similar 

penetration with respect to the previous frame, and also analogous bag formation. The difference is 

the higher irregularity of the liquid surface, showing more waves with more elongated shape, and 

the subsequent presence of a larger number of smaller droplet removed from the liquid jet. This 

regime is characterized by the coexistence of both bag and shear breakup mode, and so it is referred 

to as multimode breakup. In the following frame, at bottom-left of figure 6.4, the formation of bags 

no longer occurs, and so the jet disrupts by only shear breakup mechanism, characterized by the 

stripping of drops from the corrugated surface of the jet. At higher Weber numbers, roughly above 

30, full atomization regime is observed. In these conditions the development of small amplitude 

waves produces a fine aerosol of droplets enveloping the liquid column and promptly stripped away 

in the wake of the jet. 

6.2. Momentum breakdown and trajectory of the liquid jet 

6.2.1. Tests on cold sprays 

In chapter 5 the definition of the jet momentum coherence breakdown has been introduced, along 

with an automatic procedure for the operative determination of occurrence and location of the 

breakdown point. In a first stage of this investigation statistical analysis was preliminarily 

performed on sprays injected in airflow at room temperature. The statistical analysis tools presented 

in the previous chapter were applied to a set of 83 measurements at room temperature. The results 

are reported in figures 6.5a and 6.5b for the transverse and the downstream coordinate, respectively. 

The former graph, in log-log scale, shows that if data concerning 

� 

z jb  are plotted as a function of the 

liquid-to-air momentum ratio q, experimental points align quite well and so in the explored field of 



Alessandro Bellofiore Ph.D. Thesis in Chemical Engineering 

 86 

operating conditions the liquid-streamwise penetration of the liquid jet can be predicted by the 

following empirical correlation: 

 
z jb

D
= 5.068 q

0.476  (1) 

The agreement of this equation with experimental data was evaluated by means of the Pearson’s 

correlation coefficient R, which resulted in a value of 0.943, indicating a good capability of 

prediction. As regards the gas-streamwise coordinate, it can be observed from figure 6.5b that if the 

values of 

� 

x jb  for kerosene and water jets, normalized to the nozzle outlet size D, are plotted against 

the aerodynamic Weber number We
aero

, the points lay along a straight line. The following 

expression for this line was determined by using a best fitting algorithm: 

 
x jb

D
= 3.745 Weaero

0.366  (2) 

Equation 2 well fits experimental data, being the Pearson’s correlation coefficient R equal to 

0.951. 

Wu et al. (1997) suggested that 

� 

z jb  is a function of the square root of the q number. A similar 

dependence is here proposed, but on the basis of the present data it is not possible to account for the 

effect of the densities of the two phases, since air pressure and temperature were kept constant and 

the two used liquids do not differ much in density. Since in most empirical correlations proposed in 

the literature the air-to-liquid density ratio is accounted for without exploring extensive ranges of 

these properties, further measurements seem to be necessary to clarify the influence air and liquid 

density have on jet behavior and breakdown. 

As regards the dimensionless downstream distance 

� 

x jb D , Wu et al. (1997) supposed a constant 

value of 8.06. Measurements collected in the present work show a dependence on the dynamic-to-

capillary pressure ratio. Differently from the breakdown transverse distance, the value of 

� 

x jb  is then 

sensitive to the atomization process. Changing the injected liquid does not affect the cross-stream 
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penetration of the jet, but the higher the surface tension the weaker is the expected bending. The 

divergences from the Wu et al. seem to be attributable to the different atomization level. At the air 

pressure used in the experiments reported by Wu et al. (1997) (0.14 MPa) even liquids with surface 

tension as low as kerosene seemingly do not have intense mass removal, so that it is possible to 

suppose that both the influence of surface tension on jet dynamics and the variability of 

� 

x jb  become 

evident only by increasing the gas density level and thus the atomization intensity. Finally, even 

though the basic definition of column fracture point is analogous, criteria adopted by Wu et al. to 

individuate that point are not the same as criteria proposed in this study to define the automatic 

procedure for the search of jet coherence breakdown point. 

 

Figure 6.5. Jet breakdown transverse (a) and downstream (b) distance. 
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Both equations. 1 and 2 clearly give no finite value as the crossflow velocity decreases to zero. It 

is then obvious that this correlation is useful only for injection in crossflow, and moreover it has not 

been validated for airflow velocity values outside the range 20-55 m/s, since this is roughly the field 

of interest in the framework of LPP gas turbines. To propose a correlation valid for injection in both 

crossflowing and still gas has not been attempted before and is out of the scope of this thesis. 

6.2.2. Test on sprays injected in hot airflow 

This subsection presents the results obtained from about 82 test conditions, explored by varying 

liquid and air velocity from 10 up to 60 m/s approximately, using two liquids, Jet A-1 fuel and 

distilled water, at a reference pressure of 2.0 MPa and temperature of 600 K. These conditions 

closely resemble typical conditions of real gas turbine operation. The two atomizers used for 

injecting liquid only differ by outlet diameter (300 and 500 µm), being the same both the aspect 

ratio L/D of the injection section, equal to 4, and the 45° taper connecting the adduction and 

injection sections. 

The statistical procedure, illustrated in the previous section, for determining the coordinates of 

breakdown position has been applied to the 82 image sets. In 7 cases it was not possible to detect a 

reliable value of the breakdown coordinates because the jet impinges on the opposed wall with an 

almost rectilinear trajectory and the fluctuations of the trajectories, in the test section, do not reveal 

any evidence of a jet breakdown. The average trajectories for each one of the remaining 75 cases 

have been normalized to the relative x jb  and z jb  values. The resulting trajectories are reported in 

figure 6.6a. It is evident from the figure that all normalized trajectory are very similar. As matter of 

fact the maximum standard deviation from the average trajectory (reported as a thick line in figure) 

is 3.77%. A best fitting procedure allowed verifying that the average trajectory can be very well 

interpolated by a power law curve with an exponent of 0.367. The comparison between the average 

trajectory and the power law curve is reported in figure 6.6b, along with the estimates of standard 

deviations of single trajectories from the average one. 
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Figure 6.6 a) Normalized jet trajectories for the test cases relative to the whole set of test 

conditions. 

b) Comparison between average and calculated trajectory. Error bars account for 

the root mean square error of the average normalized trajectory. 

The exponent of the power law found for the present cases is the same value found, following an 

analogous procedure, for the tests made at ambient temperature and reported in previous section. 

The equation of the normalized trajectory takes the form: 

 z

z jb
=

x

x jb

!

"
#

$

%
&

0.367

 (3) 

It is thus possible to state that the equation (3) holds true in high temperature conditions. 

The second step was the determination of a correlation between the jet breakdown coordinates 

and the test conditions to which they refer. The correlations found in this case are: 

 
x jb

D
= 5.30 q

!0.096
 Weaero

0.383  (4) 

 
z jb

D
= 4.12 q

0.404
 Weaero

0.129  (5) 



Alessandro Bellofiore Ph.D. Thesis in Chemical Engineering 

 90 

This empirical model is similar to the one presented in previous section for sprays in cold 

crossflow. Again the gas-streamwise coordinate x jb  mostly depends on We
aero

 even though a minor 

influence on the liquid-to-air momentum ratio q was found. The dependence on q of z jb  is a little 

weaker than in equation (1), with an additional effect of the aerodynamic Weber number. 

 

Figure 6.7. Comparison of experimentally evaluated and calculated values of x jb  for injection in 

hot air crossflow. 

Figures 6.7 and 6.8 report the comparisons of the experimentally determined values of the 

breakdown point coordinates x jb  and z jb  with those computed by using equations. (4) and (5). The 

data are normalized with respect to the nozzle outlet diameter, as it is quite common in the 

literature. In both cases the interpolating straight line, evaluated by means of least square method, is 

considerably close to the bisecting line. This fact couples with the relatively high values of the 

Pearson’s correlation coefficient, which is 0.934 for equation (4) and 0.950 for equation (5), 

resulting in a satisfying agreement of the proposed correlations with experiments. In particular the 

correlation coefficient for x jb  is slightly worse, even though the wider scattering for water points in 

figure 6.8 is only apparent, due to the logarithmic scale. Relying on the substantial symmetry of 
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experimental data around the bisecting line, it can be said that the less accurate prediction of x jb  is 

probably attributable to the fact that the breakdown usually occurs when the slope of the jet 

trajectory is small, and so the experimental evaluation of x jb  is more sensitive than z jb  to possible 

experimental noise. 

 

Figure 6.8. Comparison of experimentally evaluated and calculated values of z jb  for injection in 

hot air crossflow. 

6.2.3. Empirical model for liquid jets in crossflow 

The proposed correlations (4) and (5) do not significantly differ from equations (1) and (2) 

previously obtained from measurements in isothermal conditions. This suggests the chance to 

validate equations (4) and (5) against the whole available database of experimental conditions. This 

database consists of the data presented in the two previous subsections, plus a number of conditions 

not included in the measurements presented so far. The overall amount of 189 experimental points 

was compared with the calculations obtained using equations (4) and (5), as reported in figures 6.9 

and 6.10 for x jb  and z jb , respectively. 
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Figure 6.9. Comparison of experimentally evaluated and calculated values of x jb  for all the 189 

available conditions. Points falling into the blue zone have less than 20% error. 

 

Figure 6.10. Comparison of experimentally evaluated and calculated values of z jb  for all the 189 

available conditions. Points falling into the blue zone have less than 20% error. 
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In figures 6.9 and 6.10 the linear correlation coefficient R is reported together with the equation 

y(x) of the interpolating straight-line. Both the straight-lines are close to the bisecting line, 

indicating a good distribution of the error around the expected value. The correlation coefficient is 

excellent ( R = 0.947 ) for the liquid-streamwise coordinate z jb , giving an idea of the maximum 

penetration of the jet in the premixing channel, whereas worse agreement with experimental data 

results from the model for x jb  ( R = 0.872 ). The plot in figure 6.9 shows that the largest error is in 

the zone of little x jb , where the empirical model underestimates the displacement of the jet 

breakdown point in the gas-streamwise direction. 

By substituting Equations (4) and (5) in the normalized trajectory equation (3), the dependence 

of the jet trajectory can be expressed as a function of the operating parameters: 

 
z

D
= 2.23 q

0.44
 We

aero

!0.012
 
x

D

"
#$

%
&'

0.367

 (6) 

In a second stage it was also taken in account the possible effect of the increase of air viscosity, 

that nearly doubles passing from 300 K to 600 K. It could be hypothesized that an higher air 

viscosity increases the drag forces and intensifies the jet bending. The correlations for the jet 

breakdown coordinates found by taking into account the air viscosity variation are: 

 
x jb

D
= 4.25 q

!0.095
 Weaero

0.382 µ

µair ,!300K

"

#$
%

&'

0.008

 (7) 

 
z jb

D
= 4.186 q

0.387
 Weaero

0.126 µ

µair ,!300K

!

"#
$

%&

0.036

 (8) 

These correlations were derived using the whole data set of measurements taken both at low and 

high temperature to put in evidence the change in the viscosity. Pearson coefficient for these two 

correlation resulted to be nearly equal to those obtained for Equations (4) and (5). It has to be 

noticed that the effect of the variation of the air viscosity on the breakdown coordinate in windward 
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direction ( x jb ) are quite negligible. On the other hand a more sensitive effect on the axial coordinate 

( z jb ) can be observed. By substituting equations (7) and (8) in the normalized trajectory equation 

(1), the dependence of the jet trajectory can be expressed as: 

 
z

D
= 2.46 q

0.421
 Weaero

!0.015
 

µ

µair ,!300K

"

#$
%

&'

0.033

x

D

"
#$

%
&'

0.367

 (9) 

6.3. Morphology and fluctuations of the spray 

6.3.1. Angle of spray 

The concept of angle of spray was introduced in the framework of liquid injected in quiescent or 

co-flowing air. It is meant as a measure of the dispersion of the liquid in the gas phase. In the case 

of liquid injected in crossflowing airstream, the bending of the spray due to the airflow makes it 

hard to define a parameter analogous to the spray angle. The definition proposed in this study is 

based on the above-introduced concept of centerline. By assuming the centerline as corresponding 

to the injection axis of a jet in still air, the profile of the distance of the jet trajectory from the 

centerline is calculated and the average value of the slope of this profile is defined as spray angle. 

Obviously the same result is achieved by evaluating, for each point P of the centerline, the average 

difference between the angle !
C

 of the centerline, with respect to the x-axis parallel to the airflow, 

and the angle !
T

 of the jet trajectory at the point Q intercepted by the normal to the centerline in P 

(see figure 6.11). 

The spray trajectory can be well described by a power law curve, as already pointed out in 

previous section. Analogously it has been seen that also the spray centerline can be replaced by a 

curve z = k ! x" , being the parameters k and !  evaluated by best-fit criterion. The availability of 

analytical expressions for trajectory and centerline simplifies the spray angle calculation. 
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Figure 6.11. Definition of the spray angle. 

 

Figure 6.12. Typical profile of the spray angle along the curvilinear coordinate. 

The behavior depicted by the red line in figure 6.12 appeared to by common to all cases. 

Actually both the mean and the maximum value of the spray angle were evaluated. As regards the 

maximum of the red curve, it resulted to be quite sensitive to the experimental noise, while the data 

obtained for the average spray angles are presented in figure 6.13, plotted against the liquid Weber 

number, defined as We
L
= !

L
V
L

2
D " , which in the performed experiments was varied between 

about 10
3
 and 10

5 . The values of spray angle range roughly from 5° and 50°. Although the points 
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are quite scattered, the average spray angle shows an unmistakable trend to grow up as We
L

 

increases. This seems to indicate that the achievement of a good level of dispersion of the liquid, at 

least as concerns the z axis, mainly depends on the capacity to provide enough kinetic energy to the 

liquid, whereas the gas kinetic energy should be suitable to assure correct placing of the dispersed 

phase within the premixing duct. 

 

Figure 6.13. Dependence of the spray angle, in degrees, on We
L

. 

Both the wide dispersion of points on the plot and the behavior of the single groups of data 

plotted in figure 6.13 induced to hypothesize that the spray angle also depends on other parameters. 

An attempt to infer a multiple correlation is not easy, due to the data scattering indeed, anyway it 

has been observed that the data well scale with the orifice diameter. As a consequence the liquid 

Weber number and the orifice diameter (divided by a reference value D
0
= 0.5 mm  to keep it 

dimensionless) have been chosen as independent variables to perform a non-linear regression of the 

spray angle data. The resulting best fitting correlation is: 
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 ! = 0.538
D

D
0

"

#$
%

&'

1.358

 We
L

0.405  (10) 

 

Figure 6.14. Dependence of the spray angle on liquid Weber number and dimensionless orifice 

diameter. 

Figure 6.14 compares experimental (in ordinate) and calculated values (in abscissa) of the spray 

angle. The closer the points are to the red bisecting line, the better is the prediction. The correlation 

coefficient for equation (10) was assessed as 0.861. Equation (10) does not provide any effect of the 

gas kinetic energy on the spray angle. This hypothesis was tested by introducing a third independent 

variable, the gas Weber number We
G
= !

G
V
G

2
D " . The dependence on We

L
 and the orifice 

diameter being kept frozen, a further non-linear regression was performed and the resulting best 

fitting correlation 

 ! = 1.05 
D

D
0

"

#$
%

&'

1.358

We
L

0.405
 We

G

(0.123  (11) 

showed an improvement in the prediction ability, since the correlation coefficient rose to 0.882. 
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Anyway the effect of gas Weber number appears to be less relevant than We
L

 and injection 

diameter, and this consideration holds even if the non-linear regression is performed on the three 

parameters simultaneously: 

 ! = 0.433 
D

D
0

"

#$
%

&'

1.358

We
L

0.588
 We

G

(0.289  (12) 

 

Figure 6.15. Dependence of the spray angle on both liquid and gas Weber number and 

dimensionless orifice diameter. 

In this last case a little increase of the We
G

 exponent was observed, indicating that equation (11) 

probably underestimated the effect of gas momentum. On the other hand the parallel increase of the 

exponent of liquid Weber number indicates that equation (11) well predicts the dependence on the 

capillary pressure ! D , being in both equations (11) and (12) expressed by an exponent of about 

0.3. The modification of the orifice diameter dependence was very little, and so the exponent in 

equation (12) was kept the same as equation (11). Equation (12) resulted to be the best of the 

proposed correlations, with correlation coefficient equal to 0.901. The corresponding plot is 
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reported in figure 6.15. 

 

Figure 6.16. Standard deviation of native (a) and binary images (b). 

6.3.2. Normalized intermittency index 

Figures. 6.16a and 6.16b plot the standard deviation of native and binary images, respectively. It 

can be observed that in both images there is a region, near the injection point, characterized by 

values noticeably lower than the surrounding pixels. This fact can be quite plainly understood in the 

case of binary images, since it is expectable that a number of pixels have value constantly equal to 1 

for all the 1000 sampled images, thus for those pixels the standard deviation is zero. Differently for 

the native image (figure 6.16a) there is a smaller group of pixels, whose values of light extinction 

intensity have low but non-zero variance. The region so individuated has not only no intermittency, 

which is reasonable since the proximity to the injection point prevents significant whipping, but it is 

also extremely stable, which seems to indicate that the attenuation of the light signal is attributable 

not only to the interposition of traveling droplets and fragments, but mainly to the presence of a 

more stable object, supposedly the liquid jet itself. The presence of this “virtual” liquid core was 

systematically observed for all test conditions, but a quantitative characterization has not been 

performed yet. 

The standard deviation of the binary images can be further exploited to define a synthetic 

parameter accounting for the overall level of intermittency of the spray. This parameter is obtained 

simply by summing the intermittency over all the pixels of the image in figure 6.16b. The 
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availability of such parameter allows investigating the possible dependence of spray intermittency 

on the operating conditions. Aiming to avoid the biasing effect of the amount of injected liquid on 

the calculated value, the intermittency index was normalized by the average area of the sampled 

binary images. The resulting index was successfully plotted as a function of the liquid-to-air 

momentum ratio q, as reported in figure 6.17. The intermittency of the spray is high for low q 

values, therefore rapidly drops as q increases, and above q ! 50  is nearly constant. 

 

Figure 6.17. Normalized intermittency index as a function of liquid-to-air momentum ratio q. 

It was observed that the spread of the data points could be reduced by introducing a further 

dependence on the dimensionless orifice diameter. Quite surprisingly, the exponent to be assigned 

to the dimensionless diameter to best reduce the data spread is very close to the value found before 

for the spray angle, as results in figure 6.18. The last figure also points out that kerosene points (in 

orange) place slightly below the water points (in blue). It is possible to suppose that the larger 

tendency to atomize of kerosene is responsible of a little lower level of whipping, although this 

effect has never been observed before. 
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Figure 6.18. Effect of the orifice diameter on the intermittency index. Data points are grouped 

only by test liquid. 

6.4. Relevance of the evaporation process 

As regards the spray plume ensemble features, two further statistical indexes were evaluated, i.e. 

the overall surface of the pixels where light extinction is above the noise threshold, named spray 

extent and measured in mm2, and the normalized plume width in the liquid streamwise direction. 

The data used for these calculations are a subset including the same used for breakdown point 

computations reported in section 6.2, and other measurements for kerosene at 1 and 2 MPa. The 

choice of a limited subset is motivated need of high quality images of the spray, collected in 

illumination conditions as homogeneous as possible. Figure 6.19 presents the normalized plume 

width, plotted against the aerodynamic Weber number corrected by the square root of the density 

ratio. Although points appear relatively scattered, it is possible to deduce that the filling of the 

premixing duct gets better as the corrected Weber number increases. It is evident that a higher 

liquid velocity means larger penetration in the channel, but the dependence on Weber number also 

accounts for the effect of the atomization promoting the removal of larger amounts of drop and so 
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letting the spray cover the zone near the injection wall too. The growth of the plume width stops 

when the channel width is fully filled. The saturation of the channel, evident in figure 6.19 above a 

value of the abscissa of about 1500, sets an upper limit to the liquid flow rate, over which there are 

no further benefits on liquid dispersion in the channel. Data at either higher air pressure or 

temperature do not seem to differ from the other data sets, showing that the modification of these 

parameters only affects the spray dispersion through the variation of the air density. The presence of 

!
L

 in the abscissa essentially aims to let the parameter remain dimensionless. The scattering of 

points prevents inferring any dependence on a parameter such !
L

, which ranges in a too narrow 

interval. 

 

Figure 6.19. Normalized plume width as a function of the aerodynamic Weber number corrected 

by the square root of the density ratio. 

Figure 6.20 reports the behavior of the spray extent, again plotted as a function of the 

aerodynamic Weber number corrected by the square root of the density ratio. As it could be 
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expected this parameter has a behavior similar to the plume width, even though in this case the 

experimental points are less scattered and show a lower level of saturation, due to the fact that the 

spray extent accounts for both plume width and downstream displacement of the spray. Anyway 

also in this case there is a reduction in the slope of the line suggested by the points in 

correspondence of the abscissa value where the plume width reaches its top and stops growing. The 

dependence on the corrected Weber number is not easy to explain. Probably the presence of a 

squared liquid velocity is attributable to the double effect of this parameter on both liquid flow rate, 

increasing the amount of liquid instantaneously interposing between the flash lamp and the digital 

camera, and atomization intensity, as already observed for x jb . 

 

Figure 6.20. Spray extent as a function of the aerodynamic Weber number corrected by the square 

root of the density ratio. 

Also in this case a higher temperature does not apparently have any other effect than reducing air 

density. One could expect that calculations on spray extent would point out an additional influence 
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of air temperature connected to the higher level of evaporation. Along with the evaluation of the 

spray extent, a possible effect of evaporation on the spray features has been further investigated by 

comparing images of water jets at the same liquid and gas velocity and the same air density but 

different temperature. The comparison of both single and average frames did not pointed out any 

substantial difference attributable to a more intense evaporation, and so was for the histograms of 

the distribution of light extinction intensity. From a theoretical point of view, the potential relevance 

of evaporation can be assessed by comparing the time characteristic of evaporation with the time 

characteristic of the fluid-dynamic transport. Starting from the point where they detach from the 

liquid jet, drops travel with a velocity that can be roughly assumed equal to the undisturbed air 

velocity. Another hypothesis is that the visible path they follow is about as long as a straight line 

linking the plane x = 0  corresponding to the liquid injection section with the downstream boundary 

of the collected image, that is no more than 50 mm. As a consequence each drop is visible by the 

camera for an order-of-magnitude time of about 1 ms. In order to estimate the evaporation time the 

steady state evaporation model is assumed. As well known this model predicts that the drop shrinks 

with a constant rate (Lefebvre, 1989), which has been assessed for water, in air at 20 bar and 600 K, 

as about 0.23 mm2/s. With this value a water drop with an initial diameter of 10 µm completely 

disappears in 0.43 ms, while a drop of 100 µm lasts 43 ms. Since liquid is injected cold, this 

estimation of the evaporation time does not account of the heat up time, and so is lower than the 

actual time required by the drop to disappear. The agreement between experimental evidence and 

theoretical estimation seems to justify the hypothesis that, in the case of water injected in airflow at 

temperature up to 600 K, drops travel too fast to significantly evaporate within 100 diameters 

downstream the injection point, i.e. before leaving the region of interest of the adopted diagnostic 

setup. 
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Chapter 7. DESCRIPTION OF THE ABCD MODEL 

7.1. Mathematical Formulation 

This chapter introduces the elaboration and implementation of a numerical model for describing 

the behavior of a liquid jet, as it issues from a plain nozzle into a square channel (channel axis, x, is 

normal to the nozzle axis, z) and is suddenly exposed to an orthogonal airflow. The mathematical 

description of the process is formulated by assuming a two-dimensional system, therefore 

neglecting the direction normal to the plane xz defined by the axes of channel and nozzle. The 

model takes into account the Atomization and Bending of a Continuous Deformable jet in crossflow 

(ABCD model). 

7.1.1. Momentum balance 

A brief sketch of the physical model adopted to describe the crossflow atomization process is 

presented in figure 7.1. 

 

Figure 7.1. Sketch of the physical model and coordinate system. 
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In order to describe the jet trajectory, the momentum balance equations can be formulated in an 

eulerian frame of reference. The adoption of a curvilinear coordinate system !"#  allows a better 

description of the physical problem. Keeping !  everywhere tangent and equiverse to the jet 

trajectory, the problem is one-dimensional if liquid velocity components U and V, diameter D and 

deformation k are assumed to be uniform in directions normal to the jet trajectory. For a generic 

variable ! , the transport equation over the curvilinear coordinate !  can be written as by Peyret 

(2000): 

 !
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where V  is the so-called contravariant velocity along !  direction, !  is the transport property of 

! , J  is the jacobian of the coordinate transformation from cartesian to curvilinear, q  is a 

geometric coefficient. This equation can be integrated over a finite control volume and so 

transformed into a difference equation by applying the Gauss theorem. Being N and S the north and 
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Figure 7.2. Scheme of the discretization of the eulerian flux tube representing the liquid jet. 



Chapter 7 Description of the ABCD Model 

107 

In this case the chosen control volume is the finite portion of liquid jet lying between !  and 

! + " . The spatial discretization ! , sketched in figure 7.2, is kept constant over the whole 

trajectory. Convective terms can by managed by means of a first-order upwind scheme. 

7.1.2. Jet cross-section deformation and drag forces 

The source term S in equation (2) includes the drag force acting on the jet, as usual taken 

proportional to the dynamic pressure 1 2 ! "
G
V
G

2  and the effective area normal to the undisturbed 

airflow. This effective area can be calculated once the jet cross-section deformation has been 

evaluated. To this aim a further sub-model was set up to perform a lagrangian tracking of the 

variable k, defined as the ratio between the major axis of the flattened ellipse and the local value of 

the un-deformed jet diameter. Figure 7.3 plots an outline of the cross-section of the deformed liquid 

jet. The classic TAB model by O’Rourke and Amsden (1987) was purposefully adopted and the 

following profile was obtained for k: 
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and the constants C
i
 are assumed as 
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Figure 7.3. Scheme of the elliptical deformation of the liquid jet cross-section, as described by 

the TAB model. 

With the aforementioned assumptions the drag force in the momentum balance equations, for the 

liquid velocity components U  and V  respectively, takes the following expressions: 
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The value of the drag coefficient was calculated at each point of the discretized trajectory as a 

function of the Reynolds number, referring to a flow over a solid circular cylinder of infinite length. 
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Figure 7.4. The double boundary layer on liquid jet boundary, and a sketch of the mechanism of 

liquid stripping. 

7.1.3. Mass balance and atomization model 

The continuity equation can be obtained from equation (1) or (2) by setting ! = 1 . In this case 

the source term accounts for the mass removal from the jet due to atomization. The Boundary Layer 

Stripping (BLS) model (Ranger and Nicholls, 1969) states that a double boundary layer forms at the 

liquid-gas interface, and that the amount of liquid stripped away coincides with the liquid flow rate 

in the boundary layer at the equatorial plane, normal to the airflow and defined as outlined in figure 

7.4. Extreme ease of implementation and absence of parameters to be experimentally tuned are the 

major benefits of this model. On the other hand the BLS model shows some unrealistic features, as 

it is based on the hypothesis of circular cross-section and moreover it does not account for the 

influence of surface tension on the atomization process. By integrating over the finite control 

volume the Boundary Layer Stripping model provides the following expression for the mass 

shedding rate (Bellofiore et al., 2004): 
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7.2. Boundary conditions 

7.2.1. Determination of air velocity profile 

Computations presented in this study have been made considering two different conditions for 

the velocity of airflow, U : 

1. A uniform profile without considering the effect of the boundary layer. 

2. A variable velocity profile taking in account the existence of turbulent boundary layers 

on the walls of the duct, developing from the inlet section to the section of the liquid jet. 

In this second case the air mass flow rate in the section is given by: 

 w = 4! U  dydz
0

h /2

"
0

h /2

"  (11) 

If we consider a velocity profile inside the boundary layer that follows the exponential law 1/7, 

typical for turbulent flows, we obtain a relation between the average and maximum velocity in the 

cross section of the duct: 
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Where U
Max

 is the maximum air velocity on the axis of the duct, h is the size of the section side 

and !  is the boundary layer thickness at a distance x from the entrance section, where a flat profile 

is assumed, given by: 
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 (13) 

In the experimental setup, used to build up the validation database, the air velocity was measured 

at the centre of the channel at a distance of 140 mm from the inlet section. From equation (12) it 

was derived the average air velocity assuming that the measured velocity corresponds to the 

maximum velocity. The injection section was at 420 mm from the inlet section and the velocity 
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profile at this position was computed using the expression: 

 U y( ) =UMax

y
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Figure 7.5 Velocity profiles as evaluated using the procedure described in the study and used in 

the computation of the jet trajectory. 

The determination of U y( )  at the injection section required an iterative computation since U
Max

 

and !  are related through the equations (12) and (13). To this aim the value of U
Max

 was assumed 

as a first guess equal to the average velocity. The value of the boundary layer thickness, ! , was 

then computed using this value from equation (13) and used to evaluate the next iterative value of 

U
Max

 using equation (12). The procedure converged rapidly to a stable value of the U
Max

 to be used 

in the determination of the air velocity profile according to the equation (14). 

Examples of the velocity profiles computed using the above reported procedure are reported in 

figure 7.5 for values of the measured velocity from 10 to 60 m/s. 
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7.3. Model validation 

The simultaneous integration of momentum and continuity equations along with the deformation 

equation provided predictions of jet trajectory to be compared with experimental measurements 

obtained from flash shadowgraphy images collected by injecting kerosene and water in a high-

density air crossflow. 

The model has been validated against the whole experimental database, relative to about 300 

conditions, described in chapter 4. A synthetic view of the experimental conditions used in the 

plane q !We
aero

 is reported in figure 7.6. Starting from a set of 1000 images for each condition a 

fully automated statistical procedure allowed obtaining a set of jet upwind trajectories. This set has 

been used to evaluate the model effectiveness in describing the jet profile. 

 

Figure 7.6 Envelope of the experimental conditions in the q !We
aero

 plane. Blue and red dots 

are relative to low (300 K) and high (600 K) temperature airflow conditions, 

respectively. 
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Chapter 8. RESULTS OF THE NUMERICAL MODEL 

A general overview of the model performance in reproducing the experimental results is reported 

in Table 8.1 and Table 8.2. The two tables refer to simulations performed by assuming either a 

uniform velocity profile or a variable velocity profile elaborated following the procedure outlined in 

the previous section. In these tables the RMS error, normalized to the average value of the 

experimental profile, along with the correlation coefficient R have been reported for the different 

datasets collected in the experimental database. A smaller value of the RMS indicates a lower 

overall deviation of the computed profile with respect to the experimental one. A value of R closer 

to 1 indicates that the form of the numerical profile reproduces better the form of the experimental 

one. 

The agreement between the model results and the experimental data is generally satisfying. The 

global RMS error for the uniform velocity profile case was 0.109 with an R equal to 0.865. Results 

were even better when the variable velocity profile was assumed. In this latter case the RMS was 

equal to 0.096 and the R was equal to 0.897. For the same experimental conditions the values 

obtained using the correlation 

 z
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x

x jb
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$

%
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 were 0.047 and 0.980 respectively. As a comparison using the correlation suggested by Becker 

and Hassa (2002) the RMS error and the correlation coefficient were 0.104 and 0.791 respectively. 

The RMS error was, for this correlation quite similar to the one obtained by using the numerical 

model but the R was significantly lower indicating that the correlation missed to reconstruct the 

profile behavior. The performance of the correlation suggested by Wu et al. (1997) were quite poor 

being the RMS error = 0.186 and the R = 0.345. 



Alessandro Bellofiore Ph.D. Thesis in Chemical Engineering 

 114 

 

Table 8.1. RMS errors (in red) and correlation coefficients R for the different datasets used in 

validating the model for the uniform velocity profile case. 

 

Table 8.2. RMS errors (in red) and correlation coefficients R for the different datasets used in 

validating the model for the variable velocity profile case. 

The proposed numerical model does not perform equally well in all the conditions and there are 

some cases (in particular those relative to water injections in cold conditions with the 0.3 mm 

nozzle) that would deserve further consideration in order to clarify the reason for the model 

relatively poor performance. 

To this aim it is interesting to analyze in detail the error behavior in dependence of the particular 

condition. For each case reported in Tables 8.1 and 8.2 the RMS errors and correlation coefficients 

reported are the average over a set of about 30 conditions of airflow and injection velocities each. In 

figures 8.3 and 8.4 the values of RMS error and of the quantity 1! R , for injections of Jet-A1 in 
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airflows at 600 K under a pressure of 1.6 MPa, are graphically represented in the plane V !U  as 

circles of radius proportional to their values for both the velocity profile types used in the 

computation.  

A larger circle in figure 8.3 indicates a higher RMS error. It can be easily seen from the figure 

that the maximum discrepancy between the experimental data and the computed ones occur at low 

liquid injection velocities. In these cases there is a significant improvement in the results if a non-

uniform velocity profile is assumed. This is a general trend apart from the conditions at higher 

airflow and liquid velocities (upper right region of the plot) where the model performance is very 

good for both assumptions. 

 

Figure 8.3. Graphical representation of the RMS errors for the test cases relative to Kerosene 

injections in 1.6 MPa and 600 K airflows for both velocity profiles assumptions. 
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Figure 8.4. Graphical representation of the quantity 1-R for the test cases relative to Kerosene 

injections in 1.6 MPa and 600 K airflows for both velocity profiles assumptions. 

In figure 8.4 the values of 1! R  have been reported to evidence the deviation of the computed jet 

trajectories from the experimental ones. In this case too a greater circle indicates a greater deviation. 

Results are quite similar to the ones reported in figure 8.3 but the greater difference between the two 

velocity profile assumption indicates that the improvement obtained by considering a non uniform 

velocity profile is more connected to a better reconstruction of the jet profile shape than to the 

reduction of the distance between the experimental and computed profiles. 

In figure 8.5 the jet trajectories computed using the model are compared with the experimental 

data and with those obtained using the generalized jet trajectory formulation reported in equation 

(1) for four different cases among those reported in figures 8.3 and 8.4. Model results are also 

compared to the results obtained by using the correlations proposed by Wu et al. (1997) and Becker 

and Hassa (2002). This comparison is significant since in the literature these formulations (and 

particularly the first one) are often used to describe the jet trajectory in the implementation of jet 

atomization models. It has to be stressed here that the use of a semi empirical or fully empirical 

correlations to describe the jet trajectory in a CFD simulation of a premixing duct of a gas turbine 
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combustor may seems very convenient due to their very simple formulation. On the other hand it 

has to be noticed that these formulations, as well as the several correlation reported in literature, 

have been obtained in very peculiar condition of a uniform or almost uniform velocity profile with 

an incidence of the airflow perpendicular to the injector axis. These poses severe limitations to their 

use in modeling the jet behavior in a very complex fluid-dynamic situation like the one commonly 

occurring in a real device. The approach proposed in the present study is much more effective in 

describing correctly the jet trajectory due to its more general nature. In fact, even if the validation 

presented here is limited to the canonical orthogonal intersection between the airflow and the 

injector axis, there is no limitation to its use with a different intersection angle and with an arbitrary 

air flow-field. 

For the cases in figures 8.5a and 8.56d the agreement is very good for both the models and 

correlation of equation (1). In these cases the correlations proposed by Wu et al. (1997) and Becker 

et al. (2002) overestimate or underestimate the jet penetration respectively. In the case in figure 8.5c 

both the numerical model and the correlations failed to describe the jet trajectory by 

underestimating the penetration at low x values and overestimating it at higher x. In the case in 

figure 8.5b the situation is even worse. 

Reasons for the poor performance of the model in these latter conditions can be the inadequacy 

of the atomization sub-model to describe the liquid removal from the jet or an incorrect modeling of 

jet deformation at low airflow velocities. 



Alessandro Bellofiore Ph.D. Thesis in Chemical Engineering 

 118 

 

Figure 8.5. Comparison of the computed jet profiles with those determined experimentally or by 

using the correlations presented by Wu et al. (1997), Becker and Hassa (2002) and 

in chapter 6 of this thesis (generalized model). 



 

119 

Chapter 9. DISCUSSION 

The achievement of more efficient and less polluting gas turbines relies on the development of 

new combustion systems, as the model combustors presented in chapter 1. Among them, the LPP 

technology, the possibility to get, in the very next future, a breakthrough in the field of low 

pollutant combustion, with a dramatic drop of nitrogen oxides emissions. The implementation of 

lean premixed combustion concept seems to be at hand, but several issues are still to be faced, 

issues polarizing around two major concerns. The first problem stems from the difficulty to confine 

and stabilize the reaction in a defined zone of the combustion chamber, thus preventing flashback 

and premature ignition. The second problem is the lack of stability typical of premixed combustion 

systems operating close to the lean blow-off limit. In recent years experimental investigation 

pointed out the boosting effect of operating pressure on both the problems. On the other hand it was 

observed that the an important relief has to be searched in the development of improved premixing 

systems, since fast and effective achievement of homogeneous uniform air-fuel mixture produces: 

- reduction of residence time in the premixer, thus contrasting the occurrence of premature 

ignition; 

- possibility to increase flow velocity at the combustor inlet, so reducing the risk of 

flashback; 

- decrease of the occurrence of non-uniformities in the mixture fed to the combustor, 

probable source of combustion instability; 

- global lowering of primary temperature, along with suppression of temperature peaks, 

allowing a massive reduction of NOX emissions. 

The adoption of a crossflow atomization scheme appears a feasible way to design a compact 

premixer, equipped with a simple and robust injector and able to match the requirement of fast and 

virtually complete mixing and vaporization of the liquid fuel in the gas phase. The experimental and 

numerical study so far presented aimed to investigate the effectiveness of such spraying system in 
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conditions close to the operation of real engines, and to achieve, by means of a deeper 

comprehension of the interaction between injected liquid and air crossflow, suggestions useful for 

designers about the dependence of the atomization and dispersion characteristics on operating 

parameters. 

The investigation of the behavior of a liquid jet in crossflow is object of increasing interest in last 

years, and so a number of studies, both experimental and numerical, is being issued. Chapter 2 

accounts for the several approaches, even though it seems that the research is unable to move 

beyond a limited cluster of ideas, which have been maybe discussed enough for the last ten years. 

The first constrain is the range of operating conditions. Although the purpose of address the 

investigation to the employment of crossflow atomization in combustion systems is frequently 

claimed, nonetheless only few studies deal with combustion-oriented operating conditions. This 

Ph.D. thesis is part of research project pivoted on the investigation of conditions of interest for LPP 

gas turbines. One basic target was therefore to validate and extend the knowledge on crossflow 

injection to a poorly explored field. In addition the present thesis introduced three novel elements: 

the individuation, by means of literature experience and phenomenological investigation, of the 

ruling mechanisms of the process, resulting in the development of a numerical model able to predict 

the jet penetration with remarkable accuracy; the operative definition of two parameters, the 

breakdown point coordinates, resulting to be the scaling factors of jet penetration; finally the 

implementation of an original statistical approach for the study of spray evolution. These aspects 

are discussed in the following of this chapter. 

9.1. Ruling mechanisms in the crossflow atomization process 

The study focused on injection conditions characterized by an intense level of atomization, 

which is the most probable situation in gas turbine practical operation. Nevertheless some interest 

was also devoted to the study of phenomenological aspects in moderate conditions. This qualitative 

analysis corroborated the idea that a variety of processes concur in the distortion and atomization of 
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the liquid jet. First of all the interaction of the jet with the transverse airflow promotes the 

development of several modes of instability. Very slow liquid jets mainly undergo large amplitude 

distortion, with wavelength comparable more with the length of the jet than with its diameter. This 

kind of instability does not produce atomization, but only distorts the jet until it fractures in few 

pieces. In a number of collected frames it was possible to observe fully developed bags, blown by 

the airflow, indicating that in this conditions the process is quite slow to allow this phenomenon. 

This large-scale distortion survives also at stronger aerodynamic conditions. This seems to be partly 

responsible of the results from quantitative measurement of jet whipping, presented in subsection 

6.3. At low q number the normalized intermittency index increase, also because in this zone the 

lower atomization intensity allows for the subsistence of columns distortions causing the jet to 

whip. 

Another concurrent phenomenon can be hypothesized to explain the intermittency growth at 

moderate atomization regimes, and it is also connected with the interplay between the different 

instability modes. When the aerodynamic pressure is weaker and then the spectrum of excited 

frequencies shifts towards lower values, the atomization mode based on stripping mechanism 

affects a reduced amount of liquid mass. As a consequence more liquid undergoes final column 

fracture in large fragments, whose detachment is intermittent and more traumatic than continuous 

stripping from jet surface and so its inertial feedback onto the jet can be considered accountable for 

whipping. The characteristics of fragment clipping, such as size and detachment delay, depend on 

surface tension, and this should justify the higher level of whipping observed for water jets, in 

which the higher surface tension would produce slightly delayed separation and then higher 

intermittency. 

Phenomenological investigation also demonstrated the progressively growing relevance of 

small–scale instabilities, as the aerodynamic pressure increases. The classification of bag, 

multimode, shear and atomization regimes was presented, as usual, by sorting the collected image 

by Weber number. It is interesting to point out that all the collected images of the main database, 
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used in subsection 6.2 for quantitative statistical analysis, can be plainly classified as atomization 

regime, since high-frequency short waves and stripping mechanism dominate the atomization 

process. It means that all the quantitatively investigated conditions fall in a range of Weber number 

in which, as already pointed out by Clark (1964), the interplay between aerodynamic and capillary 

forces does not play a dominant role on the process. This fact is of utmost importance, in order to 

understand the experimental evidence that all the main features of the spray show a major 

dependence on a dimensionless parameter, the liquid-to-air momentum ratio q, which does not 

embed surface tension. The capillary forces play a role when aerodynamic forces are less 

preponderant, and in those conditions surface tension determines which is the dominant regime. 

When the Weber number is so large, as in conditions of interest for gas turbine operation, capillary 

forces cannot be expected to be able to influence the behavior of the jet so much. The liquid-to-air 

momentum ratio resulted to strongly influence penetration, dispersion and even the level of 

intermittency of the jet, with only a minor influence of Weber number, except for the results on jet 

displacement in the gas-streamwise direction. 

Results obtained from numerical investigation seem to corroborate the statement that the 

capillary pressure is not dominant even for the atomization process. As point of fact the atomization 

sub-model is based on the Boundary Layer Stripping scheme, which completely neglects the effect 

of surface tension of the mass removal rate. In spite of this allegedly strong drawback, the 

numerical model demonstrated an excellent prediction capability in most of the about 300 

experimental conditions used for validation. This evidence suggests that in all the conditions of 

interest for gas turbines the full atomization regime suppresses most of the influence of capillary 

pressure detected in other conditions. 

A partial amendment of this statement is necessary to account another evidence from numerical 

simulation. It was observed that a preliminary version of the model, implemented without taking 

into account the process of deformation of the jet cross-section, used to give significantly worse 

prediction. In particular this version seemed to fail to describe the actual bending of the jet, 
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therefore calculated jets used to be less deflected in the airstream direction than experimental 

evidence. The occurrence of jet flattening is experimentally suggested by the observed jet width 

reduction in the x-direction, as detected from the digital camera. The introduction of a deformation 

sub-model accounting for jet flattening by means of an adapted form of the TAB model allowed for 

a more accurate prediction of jet trajectory. What is important to stress is that the TAB model is 

based on the interplay between aerodynamic and capillary forces, therefore it introduces into the 

ABCD model the effect of surface tension. In the proposed model, the trajectory (or penetration) of 

the jet, apart from the dominant role of the momentum exchange between phases, is affected by 

both jet flattening, due to deformation, and shrinking, due to atomization, but only the former 

mechanism embeds the influence of the Weber number. 

The deductions so far inferred from experimental and numerical evidence on the ruling 

mechanisms in crossflow atomization process are in fairly good agreement with the theoretical 

assumptions of Clark (1964) and experimental observations found in literature (Nejad and Schetz, 

1984). Other authors (Wu et al., 1997, Becker and Hassa, 2002) proposed a classification of the 

investigated conditions by introducing two jet atomization mechanisms: column breakup and 

surface breakup, the latter being dominated by the stripping of small droplets from liquid surface. 

The general trend found by those authors is that the jet undergoes surface breakup when 

simultaneously the liquid dynamic pressure overcomes gas dynamic pressure (large q) and the latter 

dominates over capillary pressure (large gas Weber number). Wu et al. (1997) state that the 

borderline between the existence of either the two regimes roughly corresponds to the condition 

 q !WeG
"0.81  (1) 

and this results seems to be confirmed by Becker and Hassa (2002). Being it based on 

approximate qualitative observation, equation (1) can be promptly simplified by the formula 

q !WeG = constant , that is to say We
L
= constant . In other word it is probable that the map of 

regimes can be replaced, with good approximation, by the assumption of a threshold level of liquid 
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Weber number separating column and surface breakup regimes. 

 
As regards the investigation of jet penetration and breakdown, the correlations shown in 

subsection 6.2 have been obtained after several attempts aimed to find other parameters, which 

could scale the jet bending topology. Great number of these where based on the identification of 

breakup characteristics which are expected to influence the jet deceleration, but they were far to be 

suitable for any type of scaling when objective automatic procedure were used. The lack of space 

and the positivistic approach of scientific communication prevent from a documentation of these 

aspects. Nevertheless it is noteworthy to report that these approaches mainly failed because jet 

breakup and contact length were not the significant parameters. In other words no correlation could 

be based on contact length detection even if in crossflow injection conditions this was easier to be 

determined in respect to the case of high velocity jet used in the diesel engine. As matter of fact for 

transverse injection the obscuration from high-density small-droplet cloud is not so high due to the 

crossflow entrainment, which sweeps and “cleans up” the upstream edge profile of the jet. In spite 

of this jet breakup detection is not straightforward, also under moderate conditions, where the whole 

breakup process could be characterized, and therefore results are not consistent. For high Weber 

number the problem of jet envelopment by a cloud of droplets is more relevant, whereas at lower 

values liquid column instability have been observed to enhance a three-dimensional evolution of the 

jet, which allows superimposition of its convoluted parts, undermining the reliability of direct 

visualization. 

In synthesis the measurements based on breakdown of momentum coherence are objectively 

feasible, whereas parameters based on breakup process are not easy to be detected and they are not 

representative in scaling the jet bending. The statistical elaboration performed in this thesis 

demonstrated that the evaluation of an event, the breakdown, which represent not a physical fracture 

but a statistical loss of coherence, is of higher usefulness since it individuates two lengths, the 

breakdown point coordinates x jb  and z jb , able to work as normalizing factors for jet penetration. An 
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important consequence is the statement of the self-similarity of the jet trajectory. The shape of the 

windward profile from the injection up to the breakdown event is known a priori for every test 

condition within the investigated range. All the possible jets differ from each other only as regards 

the scaling factors x jb  and z jb . This is quite surprising, and seems to point to the existence of an 

underlying shared behavior, connected to the atomization regime common to all the explored 

conditions. In other words in the regime of full atomization, typical of gas turbine conditions, the 

history of deflection, distortion, and allegedly also shrinking, is already written, the only missing 

piece of information being the time extent over which it develops. 

It is quite striking and of great technological interest that the equations reported in chapter 6, 

which describe the jet trajectory, are virtually not dependent on Weber number. On the opposite 

both coordinates of the jet breakdown point are sensitive to this type of dependence, although We
aero

 

more strongly affects x jb . These results are implementations of previous literature work (Wu et al., 

1997, Becker and Hassa, 2002) where the surface tension effects were not taken into account. The 

results are quite robust because the change of surface tension, passing from water jet injected in air 

at room temperature to Jet A-1 injected in a high-temperature environment, implies a change of 

aerodynamic Weber number higher than one order of magnitude. Anyway the only significant 

inaccuracy, which an approximated evaluation of the surface tension could imply, is on x jb  and not 

on z jb  since the dependence on the Weber number of the second is very low. Furthermore it is 

noteworthy that the value of z jb  fixes the region where a possible confinement wall should be 

located, because downstream of this coordinate the spray undergoes large fluctuation characteristics 

which are not compatible with a stable prevaporization, and consequently with a stable combustion. 

The different influence of surface tension variation on the two jet breakdown point coordinates 

can only be explained by processes of deformation of blob, ligaments and droplets, and not by the 

atomization process. In fact, some deformation characteristics can be aligned preferentially along 

one direction, with consequent preferential entrainment, due to shape peculiarity and surface 
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increase, along the same direction. On the opposite liquid fragmentation entails a reduction of 

average size and increase of total specific liquid-gas interface, which should affects, in turn, both 

deceleration along z-coordinate and acceleration along the x-coordinate. 

9.2. Penetration and dispersion of the liquid jet 

The statistical analysis applied to the whole spray allowed for introducing the definition of 

centerline, resulting from the evaluation of the locus of highest recurrence of the spray core. It is to 

further stress the statistical nature of this line, in contrast with the previously define trajectory line, 

which individuates the observable upper boundary of the spray by means of a repeatable statistical 

procedure. The centerline does not describe any observable item on the spray images, nor it points 

out a region characterized by some physical features, such as maximum liquid density. The 

threshold operator is based on the analysis of gray levels of the image, connected to the amount of 

liquid interposing between light source and camera, but the binarization itself cuts off any further 

information on light extinction intensity. The result is a set of 1000 flat areas, which are 

representative of the spray core location and differ from each other due to the unsteadiness of the 

process, in particular due to intermittency. As a consequence the overlapping of such areas is 

incomplete and the zone with the maximum overlapping rate is represented by the centerline, which 

can be therefore considered the pivot of spray whipping. 

The centerline, better than the jet trajectory placed on the periphery of the spray, can be elected 

as representative of the line over which the spray evolves from the injection up to eventual 

breakdown. The very operative procedure for the determination of the centerline is based on the use 

of the centerline as curvilinear coordinate of the spray propagation direction. This approach 

promises to be powerful in the study of evolving features of the spray, as testified by the example 

reported in this thesis, concerning the spray angle. 

The availability of reference lines for both the boundary and the center of the spray suggested the 

chance to use them to investigate the characteristics of initial dispersion of the spray in the 
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premixer. The subsequent introduction of spray angle in the study of crossflow injection was 

presented in subsection 6.3.1. It is meant to achieve a quantitative evaluation of the ability, in 

certain operating conditions, to spray the liquid over the whole width of the premixer. In chapter 6 a 

procedure for measuring the spray angle was introduced. This procedure operates on the trajectory 

and centerline as arrays of points, as they were assessed by the statistical analysis routine. That way 

it was possible to evaluate, for each condition, the average value of the angle between the two 

curves. A non-linear regression of the experimental data for the spray angle pointed out a 

dependence on liquid Weber number and injection diameter, along with a minor influence of gas 

dynamic pressure. An analytical approach to this problem requires the assessment of jet trajectory 

and spray centerline in form of equations. Empirical model for jet penetration was already proposed 

in chapter 6. Aiming to derive an analytical formulation of the spray angle dependence from 

dimensionless parameters, here a simplified form of the equation for jet trajectory is adopted: 
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This equation differs from the previous one, since the weak dependence on aerodynamic Weber 

number has been neglected and the simplified exponent 1/3 replaces 0.367. The error of this 

equation, with respect to the original form, is less than 10%. A non-linear regression of the data 

collected for spray centerline allowed for calculating an analytical equation for its prediction. By 

imposing a similar functional dependence it was found the equation 
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showing that in general the centerline presents a less bent shape than trajectory and lower 

dependence on the liquid-to-air momentum ratio. Figure 9.1 shows the behavior of jet trajectory and 

spray centerline as q increases, the injection diameter being kept constant. Since the red line, 

representing the centerline, is less sensitive to the liquid-to-air momentum ratio, the growth of q 
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promotes both a higher penetration of the jet and a better dispersion. 

 

Figure 9.1. Behavior of jet trajectory (green line) and spray centerline (red line) for several 

values of the liquid-to-air momentum ratio q. The area in yellow represents a 

measure of the level of dispersion of the liquid in the gas phase. 

 Following a procedure analogous to the one reported in chapter 6, the point where the normal to 

the centerline intercepts the trajectory line was determined in analytical way. As a consequence of 

the simplified functional form of equations (2) and (3), the calculus passes through the solution of a 

cubic equation, which can be accomplished analytically by resorting to the Tartaglia’s formula. The 

final result is an analytical expression of the difference between the angles !
T

 and !
C

 of trajectory 

and centerline with respect to the x axis, both being function of the momentum ratio and of the 

injection diameter. The behavior of the spray angle, as the spray progresses, is qualitatively the 

same as already observed for the point-to-point procedure used in chapter 6. The analytical 

expressions of either maximum or average value of the spray angle can be plotted as a function of q 

for a certain injection angle. The maximum value of the spray angle resulted to be practically 

constant with q. Calculations for nozzle diameter of 0.3 and 0.5 mm produced approximately the 

same maximum angle for every value of q, thus explaining why the point-to-point analysis did not 

show significant trend for this parameter. As regards the average value of the spray angle, the 

results of the analytical investigation produced the plot reported in figure 9.2, which plots the 

behavior of the average spray angle as a function of the momentum ratio. The blue and red lines 
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refer to 0.3 and 0.5 mm nozzle diameter data, respectively. Points represent experimental data 

detected by the point-to-point procedure introduced in chapter 6. Although the data are quite 

scattered, nevertheless the derived analytical formulation reproduce reasonably well the trend of the 

spray angle, which increases with q and is larger for higher nozzle diameter. 

 

Figure 9.2. Plot of the calculated average spray angle as a function of the momentum ratio q and 

for two values of the injection diameter: 0.3 and 0.5 mm. 

The study pointed out that the design of premixer must take care of achieving a good distribution 

of the liquid fuel in the channel. This goal can be accomplished by simultaneously optimizing the 

penetration and the spreading of the liquid spray. Both these two features of the spray largely 

depend on the momentum ratio and on the nozzle diameter. In particular by increasing the 

momentum ratio it is possible to improve the dispersion of the liquid phase, at the same time 

reducing the level of jet whipping, as pointed out by the study on the normalized intermittency 

index. On the other hand high values of the momentum ratio imply higher penetration, with 

increasing risk of impingement on the opposite wall of the premixer. The optimization process can 

take advantage from the chance to use the injection diameter as secondary tuner of the spray 
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characteristics. In particular this is possible since the design of actual premixer for gas turbines 

involves the resort to multiple orifices in a usually annular duct. Therefore a careful design can 

exploit these degrees of freedom to achieve optimal distribution of the fuel in the premixer, being 

matched the constraints on overall flow rate and air-fuel mass ratio. 

9.3. Modeling the injection of liquids in crossflowing airstreams 

The numerical model presented in this study is the result of a progressively improving strategy 

developed over the last years. Even though this thesis does not document the various steps, their 

track is recorded in the proceedings of the conferences where partial results were presented 

(Ragucci et al., 2003, Bellofiore et al., 2004, 2005). The guideline of this work was the 

development of a model able to capture the essential physical phenomena involved in the crossflow 

atomization process, with no or minimal resort to empirically tuned parameters. On the basis of the 

results presented in chapter 8, it can be stated that both the targets have been accomplished. The 

physical model, underlying the mathematical equations, describes a process much simpler that the 

actual physical phenomenon. The evolution of few variables, representative of the jet features, is 

evaluated in an eulerian frame of reference, except for the lagrangian tracking of the deformation 

parameter. The processes taken into account are jet bending, deformation and consumption. In 

particular the simplified sub-model for deformation consider only a single-parameter elliptical 

deformation, as well as the atomization model calculates only the liquid mass flow rate stripped 

from jet surface. With respect to the complex phenomenology described elsewhere in this thesis, 

numerical investigation demonstrated that accounting for few carefully selected sub-processes can 

capture the key physics ruling the penetration of the liquid jet. 

As already pointed out elsewhere, the account for jet flattening marked a great improvement of 

the model agreement with experimental trajectories. This fact is attributable to a more accurate 

description of the effective area of the liquid jet exposed to the air drag. In particular the jet 

flattening (actually the convolution too) increases the efficiency of the drag forces promoting jet 
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bending and so a more deflected trajectory is predicted, according to experimental evidence. This 

plainly modeled drag enhancement is sufficient to predict realistic penetration of the jet, hence at 

this stage a deeper knowledge of the actual shape of the cross-section of the jet is not required. 

The other relevant improvement documented in this thesis is the resort to a more realistic air 

velocity profile, taking into account the deceleration of the airflow near the duct walls due to the 

adherence condition. Also in this case, the more detailed description of the airflow was introduced 

in a simple manner, by attaching the velocity profiles near the wall, derived from the theory of 

turbulent boundary layers, to a flat velocity profile farther than the assessed boundary layer 

thickness. The result of this adjustment is a noticeable reduction of the discrepancy from 

experimental trajectory for all the operating conditions, and in particular the best improvement was 

achieved in conditions where the penetration of the jet in the premixer is lower. These were indeed 

the conditions where the original model, i.e. with flat air velocity profile, used to give worse results. 

The suggested explanation is that in that range the jet is more sensitive to the velocity field close to 

the injection sidewall, and so a more accurate description of this profile produces higher 

enhancement of the model. 

The accuracy of the model was proved in the whole field of experimental conditions, which 

cover a wide range of all the relevant parameters. In particular kerosene jets resulted better 

predicted than water. The difference between the two liquids is little, but anyway it deserves a 

comment. Even if the general trend is good agreement between model and experimental evidence, 

due to the fact that the model adequately reproduces the conditions of dominant aerodynamic 

stripping, it can be supposed that the higher surface tension puts water jets slightly farther from 

these reference conditions, hence resulting in a faint worsening of model prediction ability. 

It is noteworthy that the model does not embed any reference to the traumatic event of structural 

collapse of the liquid continuum. Nonetheless the model is able to describe the penetration of the 

jet. This evidence might appear in contrast with the other result, obtained from experiments, that the 

location of the breakdown point represents the fingerprint (i.e. the only distinctive identifying 



Alessandro Bellofiore Ph.D. Thesis in Chemical Engineering 

 132 

characteristic) of a liquid jet. On the basis of further evidence already pointed out in this chapter, it 

seems possible to state that in the operating conditions of reference the mechanism of liquid 

stripping has a major influence on the interplay between inertial and drag forces responsible of jet 

trajectory. The other mechanism, that is the final collapse of the residual liquid column, probably 

involves only a minimal portion of the liquid, and so it allegedly has the main detectable effect on 

the whipping of the jet. Because of the progressive alignment of the jet with the airflow and the 

shrinking of jet thickness, far from the injection the aerodynamic interaction is less violent than in 

the initial stages of the atomization process. The continuous stripping of liquid from the corrugated 

jet surface is responsible for a weaker and weaker residual jet, which eventually becomes unable to 

oppose resistance to the airflow and so larger amplitude oscillations can develop of the bent profile 

of the leftovers fragments. As a consequence it must be inferred that the sudden loss of resilience 

connected to the occurrence of breakdown should be an natural, say predictable, consequence of the 

progressive jet evolution, since the description of the jet trajectory can be indifferently performed 

by means of either the breakdown point location or the numerical model, which does not account 

for such a sudden change. 
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Chapter 10. CONCLUSIONS 

The behavior of a liquid jet in crossflow was experimentally investigated, choosing conditions 

comparable with the actual operation of a gas turbine. Liquid and air velocity, liquid properties and 

air pressure and temperature were varied in order to explore how some critical features of the jet 

depend on operating conditions. The investigation was carried out by adopting a flash 

shadowgraphic scheme. The about 300 explored conditions were used for both statistical analysis of 

the collected images and validation of a numerical model developed for the description of jet 

bending, flattening and atomization by transverse crossflow. 

 As regards the experimental work, a preliminary study, based on a diagnostic setup assuring 

higher magnification of the near field, aimed to clarify the mechanisms active in the initial stages of 

the atomization process. This phenomenological analysis provided a deeper insight of surface 

instabilities operating at different size and time scale on both the minor curvature (due to bending) 

and the sphere-like curvature of the jet. The concurrence of atomization features typical of either 

pressure or pneumatic atomizers was pointed out, as resulting from the variegate dependence of the 

spray characteristics on liquid and gas dynamic pressure. In addition the study proved that, in the 

range of investigated conditions, the characteristic values of surface tension and velocities place 

system operation in the full atomization regime, where stripping mechanisms are predominant. On 

the other hand, the very atomization regime is characterized by a weak dependence of the process 

on surface tension, due to the extremely high levels of Weber number. This statement is supported 

by the evidence that in all the explored condition the effect of capillary pressure on jet penetration, 

spray angle and spray intermittency is nearly negligible with respect to the one of aerodynamic 

pressure. The sole relevant influence of capillary pressure concerns the jet displacement in the gas-

streamwise direction. Results of numerical simulation seem to indicate that surface tension affects 

the jet displacement, namely the breakdown point coordinate x jb , through the mechanism of jet 

flattening, which is described by an adapted version of the TAB model, the only sub-model 
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embedding Weber number. 

Statistical analysis investigated average behavior and instability characteristics of the spray 

windward profile and whole plume. In the former case, i.e. the line describing the upper boundary, 

the study provided information on the trajectory (from the average behavior) and the breakdown 

(from the variance) of the liquid jet. In the latter case, that is the surface intercepted by the spray 

plume, the statistical investigation was applied to both native and binary images. The result is the 

definition of some promising tools for the evaluation of ensemble features of the spray, namely 

liquid dispersion and spray unsteadiness. 

The trajectory of the liquid jet has always the same shape, well described by a power law 

functional expression, whatever are the liquid injected or the operating conditions, whereas the 

length and aspect ratio of this curve scale with two parameters, namely the coordinates of the 

breakdown point. These scaling factors were empirically correlated with some dimensionless 

parameters. In particular z jb  strongly depends on the liquid-to-air momentum ratio, as already 

largely pointed out in literature. The other parameter, x jb , depends mainly on the aerodynamic 

Weber number. Basing on the experimental evidence an empirical model has been proposed to 

describe the behavior of a liquid jet in crossflow. This model predicts a predominant influence of 

the momentum ratio on the jet trajectory, while the effect of capillary pressure is almost ruled out. 

The proposed correlation allows predicting the behavior of the jet up to the breakdown point and 

has been experimentally validated in the range of q between 5 and 200 and We
aero

 between 10 and 

400 circa, at air pressure from 1.0 up to 2.0 MPa and air temperature from 300 up to 600 K. 

A numerical model capable of describing the trajectory of a liquid jet injected in a high pressure 

and velocity air crossflow was implemented and validated against a set of about 300 experimental 

data obtained in condition significant to the real operating conditions of gas turbines. The model 

agreement resulted to be quite satisfactory over the whole range of investigated parameters. The 

progressive introduction of a more detailed description of the effective jet surface exposed to the air 



Chapter 10 Conclusions 

135 

drag (by means of the deformation sub-model) and of the actual air velocity profile (by means of 

boundary conditions accounting for the adherence condition close to the walls) improved the 

predictive ability of the model, resulting in rms error, calculated over the whole trajectory, generally 

better than empirical models available in literature. On the other hand the development of the model 

was able to preserve a substantial plainness, making it handier than other - usually complex - 

numerical models. Further remark deserves the total absence of resorting to empirically tuned 

parameters. Equations and parameters of the model derive from either theoretical assumption or 

literature evidences. This makes the model confidently reliable in all the conditions where a full 

atomization regime is developed. 
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