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This thesis presents an experimental and numerical analysis of the design and operation of 

pressure swirl nozzles with spill return lines. Pressure swirl atomization is a basic and well 

known spraying method that has been extensively used because despite its simplicity it is able 

to generate sprays that are suitable for many applications. Large cone angles and small droplet 

sizes can be obtained optimizing the nozzle geometry and simply varying the liquid inlet 

pressure. This can be an advantage, but it is it also one of its main drawbacks. If pressure is not 

sufficient atomization will be poor, and the range of operation pressures can be limited. 

Consequently, for specific spray characteristics, droplet size, flowrate and droplet exit velocity 

are interdependent and cannot be varied independently. A way that enables the possibility to 

reduce the spray flow rate without decreasing the liquid inlet pressure is the addition of a spill 

line connected to the nozzle inner swirl chamber. Through this line, part of the liquid is spilled 

away without exiting through the nozzle exit. This modification of the standard pressure swirl 

nozzles has also been in practice for many years. However, contrary to the case of simple 

pressure swirl nozzles which have been studied in great detail, the number of papers on spill 

return nozzles is much more limited. Besides, most of them focus on the characteristics of the 

generated sprays without including an analysis of the flow inside the nozzle. This is the 

principal objective of this thesis, and represents its main contribution to the atomization and 

sprays field. The flow inside the nozzle is studied theoretical, experimental and numerically. Its 

main features are analyzed, and related on the one hand to the nozzle geometry and the 

operating conditions and on the other to the characteristics of the resulting sprays. As a result, 

some important indications are provided to help in the design of this type of atomizers. 

As already stated, although there are still details of pressure swirl atomizers that are not 

completely understood, its main characteristics have been analyzed in many papers, and they 

are well known. Their geometry is relatively simple, and a basic design is well established. A 

study only centered on this atomization method would probably lack the novelty degree 

required for a Ph.D. thesis. The case of pressure swirl nozzles incorporating one or more spill 

return orifices is different. It is true that this design modification is not new. Patents for spill-

return or spillback nozzles are available (e.g US20100038449A1 or US3029029A Patents for 

twin fluid nozzles) and many manufacturers offer commercial models of this type of atomizers. 

However, there is a shortage of papers analyzing the flow inside the nozzle, to relate it with 

the spray behavior. Furthermore, most of the recent papers on this subject have been 

authored by the Ph.D. candidate or other members of the research team in which he is 

included. 



This thesis is structured as a compendium of five research papers, four of them already 

published in archival journals. In consequence, most of the work has already been peer-

reviewed and revised according to the Referee´s suggestions. The first four papers directly 

tackle the study of spill-return pressure swirl nozzles, relating different parameters of the 

sprays (discharge coefficient, cone angle, break up length, droplet velocity and distribution, 

stability…) with the nozzle design. Then, the flow inside the nozzle is analyzed, considering its 

structure, with special attention to the recirculation zone, and its stability. To this end, 

transparent nozzles are used, allowing direct visualization of the internal flow. Main design 

variations include location and number of spill line orifices. The most common configuration of 

a single central orifice is compared to the less studied option of two off-axis lines. The 

influence of the geometry on Spill-to-Feed ratio and turn-down ratio is analyzed in detail. 

Although the first three papers include some CFD results, numerical simulations are examined 

in more depth in the fourth paper, comparing the results obtained with different numerical 

schemes with experimental data. The last paper studies the spray generated atomizing a liquid 

with added nanoparticles. Without doubting its quality, the connection of this last work with 

the previous papers is not so direct, and its inclusion in the thesis results a bit forced. All 

considered, the objectives of the thesis are of interest in the atomization and sprays field, the 

steps followed to achieve them are adequate, and the results obtained are completely 

satisfactory. 

From my point of view, the experimental part is probably the strongest in the thesis. The 

experiments have been carefully prepared and suitable techniques have been selected to 

measure the parameters of interest. Laser Doppler velocimetry, Phase Doppler anemometry 

and high speed photography have been applied in the spray analysis and in the study of the 

internal flow. The analysis of the nozzle internal flow is among the most important 

contributions of this thesis because it has not been addressed in many previous papers, 

especially for spill return pressure swirl atomizers. Many experimental details such as the 

refractive index matching have been considered and satisfactorily addressed. Due to this care, 

the images are of very good quality. Many details such as the surface instabilities of the air 

core are clearly visible enabling a thorough analysis. Spatiotemporal diagrams as the ones in 

Paper III are not often used and can provide useful information. 

After analysis of all the results, the candidate has been able to formulate a series of 

conclusions that are novel and that signify a notable advance on our knowledge of spill return 

pressure swirl atomizers. They are very nicely exposed in Section 7 that presents them in a 

concise and direct way. The most relevant contributions can be grouped in those related to the 

geometry of the spill-return lines (conclusions 1 and 2), and those related to the instabilities of 

the air core (conclusions 3 to 6). They can help in the initial design of this type of nozzles 

although fine tuning will still require the aid of experimental tests. 

Commenting some specific details: 

P. 10: rc is the radius of the swirl chamber, i.e. one half of dc. As such, it is included in the 

definition of Rp in page 15. However, as shown in Fig. 1 it gives the impression that it is 

defining the curvature radius of the lower part of the mixing chamber that is semi-spherical. 



There is nothing wrong, but in many cases, this section has other shapes (for example conical) 

and this definition of rc would not be adequate. 

P. 11: It is stated “The discharged liquid breaks up into filaments and ligaments in the process 

called a primary break up. These structures consequently break up further into individual 

droplets during a secondary break up”. When talking about atomization, primary break up 

usually refers to the disintegration of the liquid cone or the filaments into droplets, while 

secondary break up is normally used to define the division of already existing droplets into 

smaller ones. To avoid misunderstandings, I would delete the references to primary and 

secondary break up. 

P. 11: It says that “a longer breakup length results in a thinner liquid sheet at the breakup 

position; therefore, the final droplets tend to be smaller”. This statement is discussed and 

qualified in later sections, but it would suggest that a longer break up distance would always 

be desirable, which normally is not the case normally due to the decrease in velocity. I suggest 

adding a comment in this sense. 

P. 11: Again, it is discussed in more detail in later Sections, but when introducing eq. 1 it should 

be pointed out that in swirl atomizers, sheet thickness will depend on the swirl inside the 

swirling chamber, a variable that does not appear in the equation. I would emphasize this 

point. 

P 13: Again it is stated that a longer break up distance results in smaller droplets. In general, 

without accounting for swirl, sheet thickness decreases with distance, but there are other 

factors that affect the size of the droplets. The velocity difference with the surrounding air 

decreases with distance and so does that the shearing that contributes to the break up. In 

many cases, a shorter break up distance is desirable, as it is recognized in other parts of the 

thesis. It is also important to specify if the break up distance is expressed as an axial distance 

or if it is measured along the spray cone edge. Please, add this clarification. 

P. 15: Considering the importance of swirl in pressure swirl atomization, maybe a more 

complete discussion on swirl characterization might have been advisable (see, for example Toh 

IK, Honnery D, Soria J. Axial plus tangential entry swirling jet. Exp Fluids 2010;48:309–25). The 

simplified expression (6) only accounts for the nozzle geometry but does not consider flow 

dynamics. I suggest adding at least this reference or one to a paper with an equivalent 

discussion. 

P 16: I have not solved the equations to calculate the maximal flow, but does it not seem 

logical that the flow will be maximum for the largest exit area (raoc = 0)? Is this a valid solution? 

P 18: It is not easy, but it would have been interesting to gain some knowledge about the swirl 

chamber pressure because this is a very relevant parameter in pressure atomizers. It might 

have served to explain the behavior of the vortex core and the flow in the spill-return lines. 

Maybe a pressure tap could have provided reasonable measurements. This can be a possible 

future work. 



P. 25: I have some doubts regarding the hypothesis “the wider SCA should lead to smaller 

droplets due to the larger interference area of the spray and surrounding air”. I think it is a bit 

simplistic. Other factors, mainly velocity, should be considered. 

P. 26: After Section 5.3 Objectives, it might have been convenient to add a new section on 

Methodology, summarizing the methodology followed to reach the proposed objectives. This 

would include a brief description of the experimental techniques applied in this work. I leave 

to the candidate the option of adding it. 

P. 26: What is the status of Paper IV? Has it been submitted to any journal? Has it been 

reviewed? What was the outcome? This is not to be added in the manuscript, but the 

candidate should inform about this issue in his oral presentation. 

P. 27: In p. 27 the candidate states “Two journal papers, which were co-authored during PhD 

studies and are closely linked to this thesis, but not discussed here due to brevity”. Is there any 

extension limitation for the manuscript? Are there conclusions in these two papers that could 

have been relevant to reinforce or complete the findings in this thesis? The candidate could 

also mention this issue in his oral presentation. 

The manuscript is well structured and correctly written. Ideas are exposed in a clear way, and 

the text follows a logical path to end in a set of conclusions nicely summarized. In contrast, the 

short version requires revision of some formal aspects. For example, I do not think that 

variable and parameter names and acronyms should be introduced without definition. This 

should be corrected. Alternatively, a nomenclature table could be added. 

As final considerations, I think that the candidate Ing. Milan Malý has performed a careful and 

thorough work analyzing the internal flow in a set of Spill Return Pressure Swirl Atomizers. He 

has clearly defined the objectives that he pretended to achieve, all of them adequate to solve 

some of the questions still open in our knowledge of this type of atomizers. With the proper 

methodology he has performed both experiments and numerical simulations. He has obtained 

results that have enabled him to formulate a series of novel conclusions to explain the flow in 

these nozzles and the characteristics of the resulting sprays. Both the work performed and the 

manuscript describing it are amply sufficient to fulfill the requirements to award him a Ph.D. 

Degree. 


