
 

 

 
 

 

BRNO UNIVERSITY OF TECHNOLOGY 

VYSOKÉ UČENÍ TECHNICKÉ V BRNĚ 

 

 

FACULTY OF MECHANICAL ENGINEERING 

FAKULTA STROJNÍHO INŽENÝRSTVÍ 
 

 

ENERGY INSTITUTE 

ENERGETICKÝ ÚSTAV 

 

 

 

INTERNAL FLOW OF SPILL-RETURN PRESSURE-
SWIRL ATOMIZERS 

VNITŘNÍ PROUDĚNÍ V TLAKOVÝCH VÍŘIVÝCH TRYSKÁCH S OBTOKEM 

 

SHORT VERSION OF DOCTORAL THESIS 

ZKRÁCENÁ VERZE PhD Thesis 

AUTHOR 

AUTOR PRÁCE 

 

Ing. Milan Malý 

SUPERVISOR 

ŠKOLITEL 

 

prof. Ing. Jan Jedelský, Ph.D. 

REVIEWERS 
OPONENTI 

 

 

DEFENSE DATE 
DATUM OBHAJOBY 
 

 

BRNO 2020   



 

 

Key words 
Atomizer, pressure-swirl, spill-return, spray, intern flow, air-core, liquid sheet 

 

 

Klíčová slova 
Atomizér, tryska, tlaková vířivá, obtoková, sprej, vnitřní proudění, vzdušné jádro, 

kapalinová stěna 

 

 

Místo uložení originálu dizertační práce: 
Fakulta strojního inženýrství VUT v Brně, Technická 2896/2, 616 69 Brno 

 

  



 

 

Contents 
Contents ................................................................................................................... 3 

1 Pressure swirl atomizer ...................................................................................... 5 

 Spray formation from a PS atomizer ............................................................................... 6 

2 Internal flow of pressure-swirl atomizer ............................................................ 7 

 Dimensionless criteria ..................................................................................................... 7 

 Inviscid assumption ......................................................................................................... 9 

 Effect of atomizer geometry and operating conditions on the internal flow ................. 10 

 Spill-return atomizers .................................................................................................... 12 

3 Summary of knowledge gap ............................................................................ 14 

4 Aim and objectives ........................................................................................... 15 

 Aim of the thesis ............................................................................................................ 15 

 Scientific questions and original hypotheses ................................................................. 15 

 Objectives ...................................................................................................................... 16 

 Structure of the thesis .................................................................................................... 16 

 The author's contribution to the papers .......................................................................... 17 

5 Summary of conducted work ........................................................................... 17 

 Paper I (Objective A and B): The first study of internal flow and air-core dynamics of an 

unstable SR atomizer. .................................................................................................................. 17 

5.1.1 Summary of main findings ..................................................................................... 18 

 Paper II (Objective C): Spray characteristics of SR atomizers ...................................... 18 

5.2.1 Discharge parameters ............................................................................................. 19 

5.2.2 Spray cone angle and liquid breakup ..................................................................... 19 

5.2.3 Spray quality ........................................................................................................... 20 

 Paper III (Objective A and B): Internal flow of various SR atomizers ......................... 20 

5.3.1 Modification of the Inviscid Analysis .................................................................... 20 

5.3.2 Advanced modification of SL orifice ..................................................................... 21 

5.3.3 Temporal behaviour of the air-core and liquid sheet ............................................. 22 

 Paper IV (Objective D): Numerical simulation of internal flow ................................... 22 

5.4.1 Summary of main finding ....................................................................................... 23 

 Paper V (Objective E): Effect of nanoparticles on spray parameters ............................ 23 

5.5.1 Summary of main finding ....................................................................................... 24 

6 Conclusion ........................................................................................................ 24 

 Future research ............................................................................................................... 25 

 Limitations ..................................................................................................................... 25 

7 References ........................................................................................................ 26 

8 Curriculum vitae ............................................................................................... 30 

Abstract .................................................................................................................. 31 

Abstrakt ................................................................................................................. 32 

 



 

 

 

 

 

 



5 

 

1 Pressure swirl atomizer 
 PS atomizers have been widely investigated during the past 30 years due to 

increasing requirements on the combustion efficiency, and development of new 

experimental techniques allows for more precise investigations. Due to the complex 

physics, most of the published works were experimental studies, but in recent years, 

the number of papers concerning numerical simulations have dramatically increased. 

The SR atomizers have been investigated marginally; therefore, this section of the 

thesis focuses on the Simplex atomizers. Then, the findings are transformed to the SR 

version.  

The main advantages of Simplex atomizers are the simple design without any 

moving parts, high reliability, and energy efficiency. The main disadvantage is that 

droplet sizes are proportional to the inlet pressure, pl, and, therefore, the regulation 

range is limited. The injection flow rate is dependent on the square root of the inlet 

pressure. To halve the mass flow rate, the pl must be reduced fourfold, which harms 

the atomization quality [1]. Despite the simple geometrical design, the PS atomizers 

have a very complex internal flow. It is a two-phase flow with secondary flow effects, 

which makes a direct observation difficult [2]. The character of the internal flow 

directly affects the parameters of the discharged liquid sheet, such as its thickness, t, 

velocity, and stability. The centrifugal liquid motion inside the swirl chamber 

generates a low-pressure zone down the swirl chamber centreline. The static pressure 

drops below the surrounding pressure, and the air from the surrounding atmosphere is 

sucked into this zone through the exit orifice and forms the air-core. The air-core 

diameter determines the value of t since the air-core blocks a part of the exit orifice. 

Moreover, the air-core fluctuations and instabilities affect the liquid sheet 

perturbations and stability and may consequently change the liquid sheet breakup 

length. Also, an unstable spray can be observed in some cases [3]. 

The most of published papers deal with the spray characteristics, but without 

studying the internal flow. Their outcomes are usually valid only for similar atomizers 

being investigated. These results are listed in several publications [1, 4-6]. Note here, 

that Atomization and sprays by A. H. Lefebvre [1] is considered as a standard in 

nomenclature of the atomizer parts and quantities. 

 
Figure 1 Schematic drawing of PS SR atomizer with two off-axial SL orifices. 



6 

 

 Spray formation from a PS atomizer 

A spray formation process can be dived into several parts. 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. The link between t and the size of the final droplets was described by 

Dombrowski and Fraser [7] in 1954. They found that the liquid sheet first breaks into 

long filaments, the size of which is proportional to t. From a simple geometrical 

consideration, a longer breakup length results in a thinner liquid sheet at the breakup 

position; therefore, the final droplets tend to be smaller. The initial t is dependent on 

the atomizer geometry, liquid properties, and operating pressure and can be estimated 

as [1]: 

 
𝑡 = 𝐵 (

𝑑𝑜�̇�𝑙𝜇𝑙
ρ𝑙𝑝𝑙

)

0.25

, (1) 

where do is a diameter of the exit orifice, 𝑚𝑙̇  is the liquid mass flow rate, µl is the 

liquid viscosity, ρl is the liquid density, and pl is the liquid overpressure. The 

parameter B is an experimental constant dependent on the atomizer used. This 

equation was derived with B = 3.66 [8], but revised later  to reach the values of 2.7 

[9] and 3.1 [10]. It is evident that the larger atomizer with a larger mass flow rate 

produces a thicker liquid sheet. The liquid pressure and the liquid density behave 

opposite. Several modifications of equation 1 were published, e.g.: Moon [11] adds 

an effect of the inlet port area and the length of the swirl chamber. The size of the final 

droplet can be roughly estimated as D32
 ~ t0.39 [1].  

The parameter t solely is insufficient for prediction of the spray parameters, since 

the breakup mode can also change the droplet sizes. Sirignano et al. [12] published an 

overview where several modes of the liquid sheet breakup modes are described; 

however, their impact on the spray characteristics is unknown. The sinus waves, 

which are generated by aerodynamical interaction between the liquid sheet and the 

surrounding air, play a dominant role in the breakup mechanisms. Moreover, the size 

of the droplets is to be in the same order of magnitude as the sinus wave wavelength 

[6]. Hosseinalipour [13] analysed parameters affecting the liquid sheet stability and 

found that the thinner liquid sheet and the wider SCA shorten the breakup length. The 

presence of crossflow further reduces its stability. Two modes of the liquid sheet 

breakup were documented by Senecal [14]. He found a transition from the long-wave 

to the short-wave breakup mode at Weber number value of 27/16. His definition was 

based on the liquid sheet half-thickness as the characteristic dimension, see definition 

of Weber number in eq. 7. A long-wave breakup produces a longer breakup length, 

and the ligaments are formed twice per wavelength. On the other hand, a short-wave 

mode produces a short breakup length, and ligaments are formed once per wavelength 

but with a much higher frequency [14]. The practical impact on the spray quality was 

not studied. 

The breakup mode is often linked with the internal flow structure [15], but these 

data are rarely published. The author of this thesis demonstrated that the breakup mode 

can also be changed due to  the presence of the SL orifice [16], see Figure 2, where 
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two atomizers, which differ only in the position of the SL orifice, featured different 

breakup modes. The left atomizer produces a more stable liquid sheet with a longer 

breakup distance, which is typical for the long-wave breakup, while the other one has 

a much less stable sheet and a shorter breakup length. A more stable liquid sheet 

results in smaller droplets – for details see the paper II. An improper design of the SL 

orifice can result in highly pulsating spray – see the paper I and II. 

Lin at al [17] analytically described breakup mechanisms using dimensionless 

criteria. An increase in the ratio of the liquid momentum to viscous (Reynolds number, 

Re) and surface tension forces (Weber number, We) decrease the liquid sheet stability. 

At very low pl, the internal flow is not developed and the Rayleigh breakup 

mechanism dominates. At pl > 0.15 MPa, a hollow-cone liquid sheet is developed. 

With further increase in pl, the breakup distance is rapidly shortened. Despite the short 

breakup distance, the final droplets are smaller at higher pl, since the n detail in [18] 

and it is out of the scope of this thesis. Similarly, other spray-related effects are not 

studied here: evaporation [19] and droplet collisions [20]. combined effects of smaller 

t and higher relative velocity, which enhance the secondary break up, dominate [1]. 

Note here that the secondary break up was studied  

 

 
Figure 2 Breakup modes of the liquid sheet [17]. 

2 Internal flow of pressure-swirl atomizer 
The previous chapter discussed the basic principles of the spray formation process. 

The liquid sheet thickness and its stability have a major role in determination of spray 

characteristics. The parameters of the liquid sheet are given by the atomizer geometry 

and operating conditions. The following part focuses on the examination of the 

internal flow.  

 Dimensionless criteria 

 PS atomizers can have a varied range of sizes, so dimensionless criteria help with 

their comparison. The discharge coefficient, CD, and the atomizer constant, k, are 

probably the most widely used: 

Discharge coefficient: 𝐶𝐷 =
�̇�𝑙

�̇�𝑡ℎ𝑒𝑜𝑟
=

�̇�𝑖𝑛𝑗

𝐴𝑜√2𝜌𝑝𝑙
 (2) 
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Atomizer constant: 

 
𝑘 =

𝐴𝑝
𝜋𝑅𝑝𝑟𝑜

 (3) 

where CD is a ratio of a measured liquid flow rate ṁl to a theoretical ṁtheor rate, 

which can be derived from the Bernoulli equation.  Ao is the area of the exit orifice 

and pl is the liquid inlet overpressure.  PS atomizers yield usually small values of CD 

due to the presence of the internal air-core, which effectively blocks off a part of the 

exit orifice.  

The atomizer constant k links the area of the inlet ports Ap, a mean radius of the 

liquid entrance to the swirl chamber Rp = (rc – rp), and the radius of the exit orifice ro. 

It is a characterising number for the given atomizer and the most of discharge 

parameters can be correlated with K. 

Other dimensionless numbers, which are used in the internal flow evaluation [21], 

are as follows: 

Reynolds number 𝑅𝑒 =
𝜌𝑙𝐷𝑉

𝜇𝑙
 (4) 

Froude number 
gr)rr(

Q
Fr

oaco

22
2 −

=


 (5) 

Swirl number 𝑆0 =
�̇�𝑖𝑛𝑗𝑣𝑝𝑅𝑝
�̇�𝑖𝑛𝑗𝑢𝑜𝑟𝑜

=
𝜋𝑟𝑜𝑅𝑝
𝐴𝑝

 (6) 

Weber number 
𝑊𝑒 =

𝜌𝑙𝑑𝑐𝑉
2

𝜎𝑙
 

 

(7) 

The Reynolds number, Re, is a ratio of momentum to viscous forces, where v is the 

liquid mean velocity and D is a characteristic dimension. Several slightly different 

definitions of Re are used: Rec is defined in the swirl chamber and uses dc and uo, but 

Rep provides a better link with physics within the inlet ports, and uses dp and vp. 

The Froude number, Fr, describes the effect of gravity. It is a ratio of kinetic to 

potential energy within the exit orifice, the radius of which is reduced by the air-core 

radius rac. Q is a volumetric flow rate and g defines gravitational acceleration. It is 

useful in the atomizer scaling process, and the values >> 1 ensure a low effect of 

gravity. 

The Swirl number, So, is a ratio of the axial flux of angular momentum to the axial 

flux of axial momentum. For the PS atomizer, it depends solely on the internal 

geometry; however, the SR atomizers feature variable So as its value increases with 

SFR, see Paper III, where this phenomenon is discussed in detail. 

The Weber number, We, is a ratio of momentum to surface tension forces. In the 

case of the internal flow, the surface tension forces can be neglected [21], but this  has 

a great impact on the atomization itself. 
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 Inviscid assumption 

In order to understand the basic flow physics in the PS atomizer, an inviscid 

assumption is a useful tool. It is an analytical description derived in 1948 by Taylor 

and in 1953 by Griffen a Muraszew described and revised in detail in [22-24]. The 

internal flow acts like a non-viscous free vortex with a swirl velocity maximum near 

the centreline. The internal air-core is then generated in the zone where the static 

pressure drops below the pressure of surrounding atmosphere. This occurs due to an 

increase in swirl velocity near the swirl chamber centreline. The rotating air-core 

behaves like a solid cylinder, with zero swirl velocity within its centreline. Such 

behaviour is typical for a Rankine vortex. 

The vortex behaviour can be described by the Bernoulli equation for an ideal liquid, 

neglecting the potential part and radial velocity: 

 𝑢2 +𝑤2

2
=
𝑝𝑙
𝜌𝑙

 (8) 

For inviscid free vortex, wr = constant and combining with continuity equation:  

 
𝑤𝑟 =

𝑄𝑅𝑝
𝐴𝑝

 (9) 

where w is the tangential velocity, r is the radius. In the exit orifice, the axial velocity 

can be defined as: 

 
2 2

( )
o

o oac

Q
u

r r
=

−
 (10) 

On the surface of the air-core r = roac. In the exit orifice, u = uo. Combining eqs. 8, 9 

and 10: 

 𝑄2

2𝜋2(𝑟𝑜
2 − 𝑟𝑜𝑎𝑐

2 )2
+
𝑄2(𝑟𝑐 − 𝑟𝑝)

2

2𝐴𝑝
2𝑟𝑜𝑎𝑐

2
=
𝑝𝑙
𝜌𝑙

 (11) 

At given pl, there are two unknowns, Q and roac. To solve this equation, one more 

assumption is necessary. The authors of the inviscid model assume a maximal flow 

principle, where the air-core diameter should adjust itself to keep the flow rate 

maximal: 0=oacr/Q  . The equation 11 with the maximal flow assumption can be 

rewritten in a simplified form [22-24]:  

 𝑋3 + (2𝑘 − 3)𝑋2 + 3𝑋 − 1 = 0 (12) 

where X is the ratio of the air-core area to the area of the exit orifice: X = Aoac/Ao. This 

ratio is dependent solely on the atomizer constant, k. Once the X is known, the inviscid 

discharge coefficient 𝐶𝐷𝑖𝑛𝑣 can be calculated as: 

 

𝐶𝐷𝑖𝑛𝑣 = √
(1 − 𝑋)3

1 + 𝑋
 (13) 

The inviscid analysis allows for estimation of how the radius of the swirl chamber, 

the radius of the exit orifice, and the area of the inlet ports affect the CD. Taylor (cited 

in [22]) also derived that the SCA is solely dependent on k. Nevertheless, the accuracy 
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of this analysis is relatively low and it can be used for studying purposes or for a very 

rough design approximation. 

Easy to measure, yet very important characteristic of the PS atomizers, is the CD. 

Experimental data of the CD are not in good agreement with the inviscid analysis and 

illustrate a more complex problem. Rizk and Lefebvre [8] experimentally modified 

the correlation for the calculation of CD and added the effect of  the ratio of Dc/Do. 

Jones [25] studied largescale atomizers and added the length of the swirl chamber and 

the exit orifice together with liquid viscosity to the correlation. However, these 

parameters have only a minor impact on the CD. Ballester et al. [26] found an influence 

of pl on the CD. Benjamin et al. [27] followed the work of Jones [25] and 

experimentally updated the value of constants. Surprisingly, they found the opposite 

effect of some parameters. Sakman et al. [28] used the numerical simulation to predict 

the CD for different atomizer geometries; however, with constant viscosity and 

pressure. Lee et al. [29] used a transparent atomizer and defined  the CD as a function 

of Re.  

It is evident that the inviscid assumption simplifies the whole problem and is often 

unable to predict the elementary parameters such as the CD. But the experimental 

correlations are usually valid only for the atomizer with similar geometry as the tested 

one and they are not universally valid.  

Several authors introduced more complex analytical approaches, assuming a 

viscous flow. Craig et al. [30] modified the inviscid flow analysis using a non-optimal, 

realistic flow. The ratio of the real CD to the predicted one was introduced as an 

efficiency coefficient, e, and varies between 0.4 and 0.9 in dependence on the atomizer 

used. However, the authors claimed that the non-optimal atomizer, which has a 

smaller air-core than the optimal one, yields surprisingly lower CD than that predicted 

by the inviscid analysis. This is the opposite result to that usually presented and, also, 

opposite to the results from the paper III. Amini [2] compared the results from viscous 

and inviscid analysis with CFD results. The viscous analysis assumed the viscous 

losses within the boundary layer. The accuracy of CFD results outperforms the 

analytical models. In conclusion, the analytical models can be used for the first 

approximation of the atomizer geometry which can be fine-tuned by CFD.  

Probably the most complex theoretical analysis of the internal flow was made by 

Wimmer and Brenn [31]. They divided the swirl chamber into three parts and 

analytically solved the flow including viscous losses. Among the results, the CD was 

found to be dependent on the liquid viscosity. The flow rate and CD increase with 

increasing liquid viscosity as the frictional losses reduce the swirl velocity component, 

which consequently shrinks the internal air-core, see Figure 3. This behaviour was 

experimentally confirmed, amongst others, in our study [32]. Anyway, the air-core 

temporal behaviour is still unresolved by any analytical model.  

 

 Effect of atomizer geometry and operating conditions on the internal flow  

The outputs from the inviscid analysis are limited to global parameters of the 

atomizer as the CD, SCA, or the air-core diameter. However, these predictions still use 
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several assumptions and the accuracy of the results is often insufficient. Moreover, 

the temporal behaviour of the internal flow is not captured at all. Several authors 

investigated the temporal behaviour of the internal flow experimentally.  

A transparent atomizer operated at several pressure and temperature regimes was 

used by Lee et al. [29]. The authors found a dependency of the air-core stability on 

the swirl chamber Rec, see Figure 4. The unstable regime A with Rec < 2400 features 

an undeveloped air-core. With increasing Rec, the air-core is present within the exit 

orifice, see regime B, and is consequently stretched to the swirl chamber, as in the 

regimes C and D. At Rec > 3500, the air-core is fully developed and stable. Note here 

that the spray cone is strongly fluctuating between its min and max angle value in 

regimes A and B. When the air-core is developed within the exit orifice, the SCA 

fluctuations were inhibited. This conclusion well agrees with findings from the paper 

I, where the spray instability is studied for a SR atomizer. 

Halder et al. [33] experimentally investigated the effect of internal geometry on the 

air-core stability using 21 different transparent atomizers. Similarly as in [29], the air-

core stability was found depended on the Rep. The authors established two limit values 

of Rep, at the first value, the air-core is still undeveloped, while the second one ensures 

a fully developed and stable air-core. These limit values decrease with an increase in 

the ratio of do/dc and a decrease in the ratio of Ap/dc. The air-core diameter was slightly 

growing with Re and it was larger in diameter within the exit orifice. The atomizer 

geometry was also studied by Moon et al. [34], who found a critical value of So = 0.6. 

The value above this threshold established the stable air-core. Note here, that they 

used a pulse atomizer. Kim [35] et al. investigated the effect of length and diameter 

of the swirl chamber. At high ratios of hc/dc, the air-core tends to be unstable and even 

splits into two air-cores, see Figure 3. The unstable regimes cause temporal 

fluctuations in the liquid film thickness. The stable air-core was achieved for 

hc/dc < 1.06, which represents the atomizers with short swirl chambers. Dash et al. [36] 

described a change in the air-core shape with dependence on Re. For Re ~ 3 000, the 

cylindrical shape of the air-core was observed while, for higher Re, the helical shape 

occurs with two revolutions per swirl-chamber length. 

Cooper et al. [37] investigated the influence of the shape of convergent part of the 

swirl chamber on the internal flow and found an impact on the flow dynamics near 

the walls. However, our recent study [38] found only a negligible effect of the 

convergent shape on the spray characteristics. Levante et al. [39] pointed on the 

presence of air-core surface distortions, which were later studied in detail by Chinn et 

al. [15], who divided the surface distortion into three categories: helical striations, 

low-frequency stationary waves, and low amplitude random ripples. The helical 

waves are the result of discrete number of the inlet ports. Their importance is low 

when a high number of the inlet ports is used. The stationary waves depend on the 

inlet velocity. These waves change the liquid sheet thickness within the exit orifice. 

Moreover, they can also be responsible for the change in the breakup distance.  
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Figure 3 Left: Effect of liquid viscosity on the swirl velocity component. Taken from [31]. Rac is the air-core 

radius, Ro is the radius of the exit orifice. Right: The stable and unstable air-cores as observed in [35]. 

  
Figure 4 Effect of Rec on the air-core length (left) and SCA (right). Taken from [29]. 

 

The presented overview provides design boundaries for the stable Simplex 

atomizer. These findings are likewise valid for the SR version. However, no relevant 

study directly describing the effect of air-core stability on the liquid sheet stability 

and, consequently, on the spray quality was found. So far, all these phenomena have 

been studied separately. 

 

 Spill-return atomizers 

The PS SR atomizers are modified versions of the Simplex types with extended 

regulation range. The spill-line, SL, orifice positioned in the rear wall of the swirl 

chamber, is the only geometrical parameters differing from the Simplex type, see a 

schematic drawing in Figure 1.  

The main advantage of the atomizer is a wide regulation range, which can be 

described by a turn-down ratio. It is a ratio of maximum to minimum injection flow 

rate, which still satisfies the required spray quality. The turn-down of the Simplex 

atomizer is achievable only through a change in pl. The SR atomizer can spill the 

liquid from the swirl chamber away and reduce the injection flow rate, ṁinj, 

dramatically. The amount of spilled liquid, ṁs, to the pumped amount, ṁp, is defined 



13 

 

as a spill-to-feed ratio, SFR = ṁp/ṁp. The SFR can reach the values from 0, where the 

atomizer operates in the Simplex mode, to 1, where all the liquid is spilled away. This 

concept benefits from fact that the liquid is always supplied to the swirl chamber under 

high pl which ensures a high angular momentum. While the liquid is spilled away, 

only the axial momentum is reduced. This leads to an increase in the value of So, which 

outcomes in a larger air-core diameter and a thinner liquid sheet. A high ratio of the 

swirl to the axial momentum also widens the SCA. The effect of thinner liquid sheet 

and wider SCA is beneficial for drop size, as discussed previously, but low axial 

momentum outcomes in low droplets velocities, which inhibits the secondary 

breakup.  

One of the first practical applications of the SR atomizer was in a jet engine [40]. 

These atomizers benefit from a very good atomization quality at low engine powers, 

easy regulation, and clogging resistivity.  

The SR atomizers were also widely studied in the Soviet Union and the results are 

available within Borodin’s [41] publication  from 1967. It contains a vague study on 

the SL orifice arrangement. It shows that the size and radial position of the SL orifice 

plays an important role. The authors proved that the radial position of the SL orifice 

can change the atomizer CD, even when operated in the Simplex mode at SFR = 0. 

This effect is the strongest for the single axially placed orifice and decreases with the 

SL orifices being placed further from the swirl chamber centreline. No explanation of 

this behaviour was provided. The axial orifice suffers from greater pressure losses and 

necessity for low values of SL pressure, ps. Finally, the authors compared the turn-

down capability of the Simplex and SR atomizers and, for practical applications, they 

found a turn-down ratio of Simplex atomizer of 4, while the SR version reaches the 

value of 86. The same results were also used in more recent publications [4, 5].  

Rizk et al. [42, 43] experimentally investigated several SR atomizers under various 

operating conditions. An increase in SFR leads to wider SCA and a slight decrease in 

droplet sizes. The authors used a single axially placed SL orifice. However, an 

opposite trend in the drop size distribution was observed by Dai et al. [44], where an 

increase in SFR caused an increase in the drop sizes.  

Loffler-Mang et al. [45] were the first ones to use a transparent SR atomizer with a 

single axial SL orifice. They found a local minimum for the angular momentum 

around SFR = 0.5. However, they operated the atomizer at a constant inlet mass flow 

rate. Thus, their results are hard to compare since other authors used the constant SFR 

to compare the atomizers. Kapitaniak [46] studied several design configurations of 

the spill controlled atomizer. The main influencing parameter was the atomizer 

constant k. The author used a single axially placed spill-orifice and did not study other 

potential arrangements of the SL orifice.  

Slowik [47] et al. pointed on the problems with spray stability in  some SR 

atomizers, especially at low SFRs. Nasr et al. [48, 49] used the SR atomizer for 

decontamination chambers, where  very fine droplets and low ṁinj are required. They 

used pl up to 12 MPa. One of the benefits of this atomizer was superior clogging 

resistance compared to the Simplex atomizers since the exit orifice can be larger. They  
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compared several atomizers with different diameters of the axial SL orifice and used 

no regulation within the SL. The droplet sizes were increasing with SFR, as in [44]. 

Despite many advantages of the SR atomizers, there was little interest in research 

during past years. Some disadvantages, such as a requirement for a more powerful 

pump, or complicated measurement of ṁinj, limit their use in jet engines [3]. However, 

with a current trend of energy optimisation, these atomisers may find their place in 

special applications requiring a superior clogging resistance or very small flow rates. 

The proper geometrical arrangement of the SL orifice is not clear and its impact on 

the internal flow is not known. Note here that several configurations of the SR 

atomizers were found within patents: single axial spill orifice [50-52], off-axial 

orifices [53], tangentially inclined orifices [54].  

3 Summary of knowledge gap 
The pressure-swirl atomizers are currently studied by many research teams even 

though they were introduced almost a century ago. Despite a simple design of 

pressure-swirl atomizers, the internal flow is rather complex; it is a two-phase flow 

with certain secondary flow effects so it is difficult to decide whether the internal flow 

is laminar or turbulent. The Simplex pressure-swirl atomizers are already well 

documented. The effect of most of the geometrical parameters was experimentally 

studied, and many empirical correlations were proposed. Therefore, the design 

process is straightforward: the first geometrical draft can be based on the empirical 

correlations or analytical solutions, and the fine refinement can be made using the 

CFD simulation. However, the final design must be experimentally checked before its 

application, since it is still very hard to perform direct numerical prediction of the 

spray parameters [55].  

The SR atomizers were only rarely studied. The presence of the SL orifices changes 

the internal flow and may harm the atomization itself. These atomizers can be 

controlled by setting the two variables; pl and SFR. This makes the SR atomizers more 

versatile but hard to design and operate properly. They have been applied in very small 

jet engines, in atomization of very viscous or polluted liquids, or in applications where 

a wide regulation range is necessary. 

The key part of the design process of the SR atomizer is the geometry of SL orifice. 

A few geometrical arrangements were published, but most authors used a single 

central orifice. Some authors noticed the unstable spray from these atomizers, 

especially at low SFRs. It is unknown why the central SL orifice causes the unstable 

spray, and how the spray instabilities affect the drop sizes. The effect of the SL orifice 

position of the regulation range is yet to be validated. Moreover, the effect of SFR on 

the drop sizes is unknown, since the authors reported opposite results. This is linked 

with the liquid sheet stability which can cause a change in the droplet sizes. From 

simple geometrical consideration, a hollow liquid cone is getting thinner with 

distance; therefore, a longer breakup distance should result in smaller droplets. This 

hypothesis, among others, must be experimentally confirmed.  



15 

 

4 Aim and objectives 

 Aim of the thesis 

 

The analysis of geometrical and operational parameters affecting the internal 

flow stability inside a small pressure-swirl spill-return atomizer and its impact 

on the final spray 

 

 Scientific questions and original hypotheses 

1. What is the reason for unstable spray from the atomizers with central SL 

orifice? 

 

The internal air-core is stretched and thus penetrates through the central SL orifice. 

This causes a decrease in its stability and the air-core may even split or disappear. 

Since there is no air-core within the exit orifice, the CD increases shortly. This causes 

a rapid change in the SCA and can be observed as a spray instability. 

 

The swirling liquid generates a low-pressure zone along the swirl chamber centreline, 

where large pressure gradients are present. The liquid can be drained from the SL 

orifice inside this low-pressure zone fill and the central area with the liquid instead 

of air. The spray is unstable when no air-core is present.  

 

2. How does the position of the SL orifices affect the turn-down ratio? 

 

The off-axial SL orifices provide a wider regulation range due to higher static 

pressure on the swirl chamber periphery. 

 

The axial SL orifice provides a wider regulation range since it is immune to the direct 

flow from the inlet port to the SL line, which may reduce the turn-down capability of 

off-axis SL orifice arrangement.  

 

3. How does SFR affects the SCA and drop sizes and how does SCA depend on 

the SL orifice configuration?  

 

The ratio of angular to axial velocity is increasing with SFR, which causes a wider 

SCA. Also, the wider SCA should lead to smaller droplets due to the larger 

interference area of the spray and surrounding air. 

 

Inclination or position change of SL orifice can change the SCA for the respective 

SFR. 
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 Objectives 

To support all scientific questions, a set of specific objectives have been 

formulated:  

a) Identify spray stability conditions (Re, SFR, arrangement of SL orifices) 

b) Describe the internal flow of spill-return atomizers using transparent atomizers 

c) Correlate the parameters of spray generated from various spill-return atomizers 

for various pl and SFRs regimes. 

d) Predict the atomizer performance using numerical CFD simulation of the 

internal flow 

e) Study the atomization quality and liquid properties by adding of nanoparticles 

 

 Structure of the thesis  

The aim and objectives have been addressed in five stand-alone peer-review journal 

papers. The number of citations taken from Web of Science and Google scholar, 

excluding auto citation as of November 2020 is given in brackets: 

I. MALÝ, M.; JEDELSKÝ, J.; SLÁMA, J.; JANÁČKOVÁ, L.; SAPÍK, M.; 

WIGLEY, G.; JÍCHA, M. Internal flow and air-core dynamics in Simplex and 

Spill-return pressure-swirl atomizers. International journal of heat and mass 

transfer, 2018, vol. 123, pp. 1-11. ISSN: 0017-9310. IF = 3.891 (9) 

 

II. MALÝ, M.; SAPÍK, M.; CEJPEK, O.; WIGLEY, G.; KATOLICKÝ, J.; 

JEDELSKÝ, J. Effect of spill orifice geometry on spray and control 

characteristics of spill-return pressure-swirl atomizers. EXPERIMENTAL 

THERMAL AND FLUID SCIENCE, 2019, vol. 106, pp. 159-170. ISSN: 0894-

1777. IF = 3.498 (4) 

 

III. MALÝ, M.; CEJPEK, O.; SAPIK, M.; ONDRACEK, V., WIGLEY, G.; 

JEDELSKÝ, J. Internal flow dynamics of spill-return pressure-swirl atomizers. 

EXPERIMENTAL THERMAL AND FLUID SCIENCE, 2021, vol. 120. ISSN: 

0894-1777. IF = 3.498 (0) 

 

IV. MALÝ, M.; SLÁMA, J.; CEJPEK, O.; JEDELSKÝ, J. Comparison of numerical 

models for prediction of pressure-swirl atomizer. To be published in 2021. 

 

V. MALÝ, M.; MOITA, A.S; JEDELSKÝ, J.; RIBEIRO, A. P. C.; MOREIRA, A. 

L. Effect of nanoparticles concentration on the characteristics of nanofluid sprays 

for cooling applications. Journal of Thermal Analysis and Calorimetry, 2018, 

ISSN: 1588-2926. IF = 2.209 (4) 
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 The author's contribution to the papers 

I. Conducted majority of experimental and numerical work, literature survey, data 

analysis and writing of the manuscript 

II. Conducted majority of experimental work, literature survey, data analysis and 

writing of the manuscript 

III. Conducted majority of experimental work, literature survey, data analysis and 

writing of the manuscript 

IV. Conducted majority of experimental work and numerical work, literature 

survey, data analysis and writing of the manuscript 

V. Conducted all experimental work, part of the literature survey, data analysis 

and writing of the manuscript 

5 Summary of conducted work 

 Paper I (Objective A and B): The first study of internal flow and air-core 

dynamics of an unstable SR atomizer. 

In this paper, the internal flow of an unstable SR pressure-swirl atomizer was 

studied using a scaled transparent model of the atomizer and was compared with a 

Simplex atomizer. The study aims to investigate the internal flow of SR atomizer 

experimentally and numerically. Firstly, the study examines the possibility to predict 

the atomizer characteristics such as CD and SCA, and the velocity field in the swirl 

chamber, using a relatively simple 2D simulation. The primary focus is to elucidate 

the effect of the central spill orifice on the spray fluctuations as reported in our 

conference papers [22, 33] and to determine their source. These fluctuations create an 

uneven temperature field within the combustion chamber of the turbojet aircraft 

engine, which increases engine emissions and reduces the life span of turbine rotor 

blades. The spray pulsations were observed at frequencies in a range from 3 to 20 Hz 

and only for SFR < 0.15 or in the Simplex mode. 

In order to examine the internal flow, the atomizers were manufactured as scaled 

transparent copies. Due to the small dimensions of the original atomizers, it was 

impossible to manufacture them from PMMA and examine their flows directly. To 

solve this, the transparent versions were designed as ten times scaled copies. It was 

then necessary to match the flow characteristics of the original and scaled atomizers. 

This was done by changing the inlet velocity to maintain the same Re, which reaches 

relatively low values in the range from 755 to 1731. The swirl number So is the 

function of the atomizer geometry, which was scaled evenly; therefore, it remains 

unchanged. The atomizers were operated with kerosene-type fuel jet A-1 and p-

cymene (1-Methyl-4-(propan-2-yl) benzene). The main advantage of the p-cymene is 

proximity of its refractive index to the refractive index of the atomizer body. This 

index matching technique allows for unbiased velocity measurement using Laser 

Doppler Anemometry, LDA, and provide high-contrast for imaging techniques. A 

high-speed camera Photron SA-Z documented the temporal and spatial behaviour of 
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the air-core. The LDA measures the swirl velocity component inside the swirl 

chamber in several axial planes. The experimental data also served for validation of a 

simple 2D axisymmetric CFD simulation of the intern flow. Details about the 

experimental setup, including refractive index matching, and the numerical setup are 

presented in chapter 3: Experimental and numerical setups in Paper I. 

 

5.1.1 Summary of main findings 

The HS images yield the information about the air-core shape, diameter, and 

temporal stability. The Simplex atomizer generated a fully developed air-core for all 

the regimes investigated. It was cylindrically shaped and larger in its diameter inside 

the exit orifice; this shape was also described by other authors. Its behaviour was 

nearly independent of Re. The situation changed dramatically when the SR atomizer 

was used. The air-core was no longer present in the swirl chamber, and the spray 

became unstable, even for the highest Re values. Only fragments of the core were 

visible inside the exit orifice. The air-core was unstable and strongly fluctuating and 

it even occasionally disappeared. The SCA was fluctuating between 49 and 88° at a 

frequency in the range of 10 – 20 Hz with no evident correlation to the air-core 

behaviour. This was observed for all the regimes with the spill-line closed. With 

increasing rate of spilled flow, the swirling momentum increased with respect to the 

axial momentum and the flow character changed. The standard mean deviation of 

SCA, which measures the rate of fluctuations, was high for SFR < 0.15. With a further 

increase in SFR, the fluctuations reduced. The air-core is limited to the exit orifice 

even at SFR = 0.4; however, for SFRs higher than 0.15, it was stable enough not to 

decay. In the relatively narrow range of SFR = 0.4 – 0.65, the air-core extends into the 

swirl chamber. It is evident that the spray stability is linked to the air-core stability 

within the exit orifice. It is not necessary to provide a fully developed air-core across 

the entire swirl chamber height to ensure a stable spray. Note that a similar conclusion 

was proposed by Lee et al. [29] for the Simplex atomizers.  

The reason for the undeveloped air-core was derived from the numerical 

simulation, which captured well the unstable regimes. The liquid from the swirl 

chamber flows in both directions thought the SL orifice. It is drawn back into the swirl 

chamber due to the low-pressure zone in the swirl chamber centre and forms a 

recirculation zone inside the SL. This conclusion disproves the previous hypothesis, 

which assumed a periodically decaying air-core as based on the external observation 

of the atomizer spray. The spray parameters were studied in the following paper. 

 

 Paper II (Objective C): Spray characteristics of SR atomizers 

Paper II focuses on the spray parameters generated from several SR atomizers. The 

unstable atomizer, as studied in Paper I, is compared with modified versions that used 

the off-axial SL orifices. This SL arrangement should prevent the air-core from failure 

as it blocks the central low-pressure cone, and generates a stable spray even for low 

SFRs. The size and velocity of the spray droplets were probed using the two-

component Phase Doppler Anemometry, PDA, and the discharged liquid sheet was 
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documented at high temporal resolution by a Photron SA-Z high-speed camera. Seven 

different atomizers were investigated. The only difference among them was the 

position of the SL orifice, as shown in Figure 5. The paper aims to test the hypotheses 

established at the beginning of the author´s PhD study, see chapter 5.1 of this thesis.  

 

Figure 5. Different SL geometries: off-axis spill orifices with the parallel orifice axes (C1-C3, C2L); axially-

positioned (C4); tangentially-inclined toward the main atomizer axis (C1T) and radially-inclined toward the main 

atomizer axis (C2R) 

 

5.2.1 Discharge parameters 

The main advantage of the SR atomizer over the Simplex type is its wide turn-down 

ratio, which is the ratio of the maximum to minimum injection flow rate suitable for 

given application. The former hypothesis assumed that placing the SL orifices on the 

periphery of the swirl chamber, where the static pressure has a maximum, should 

extend the range where the pressure can be reduced and consequently increases the 

turn-down ratio. However, this hypothesis was found to be invalid. The opposite is 

true since the atomizer with central SL orifice yields the greatest turn-down ratio at 

given SFR. The turn-down ratio decreased with increasing dpc. One explanation for 

this behaviour is that the SL orifices close to the inlet ports tend to drain the liquid 

directly from the inlet ports. The liquid does not contribute to the atomizer flow but 

increases an overall liquid consumption. This well agrees with the increased SL orifice 

discharge coefficient of these SL configurations. Various inclinations of the orifice 

have a negligible effect on the discharge parameters. For the best spill efficiency and 

highest turn-down ratio, the atomizers with SL orifices close to the atomizer centreline 

are recommended. 

 

5.2.2 Spray cone angle and liquid breakup 

The discharged spray was found stable for all the atomizers with the exception of 

the version with a single central orifice, as investigated in the Paper I. Therefore, the 

spray pulsations can be easily subdued using any atomizer with the off-axial SL 

orifices, which well supports the conclusion of Paper I. The spray cone angle, SCA, 

was identical for every stable atomizer and widens with pl and SFR as SCA ∝ pl
0.1 and 

(1-SFR)-0.15. The effect of pl was almost identical as proposed in [56, 57] for the 

Simplex atomizers.  

A surprising difference among the stable atomizers was observed in the breakup 

nature and breakup length. Two breakup modes were identified; the long wave 

breakup was performed by the atomizers with SL orifices further from the swirl 
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chamber centreline (C1 and C2), while the C3 and C4 performed rather a short-wave 

breakup. The breakup length was systematically 25% longer for the long wave mode. 

The transition into the short wave mode is  for We smaller than the critical value of 

27/16 as proposed in [14] and, in this case, it is related to the internal flow stability. 

This problem is addressed in detail in the following paper, see Paper III. 

 

5.2.3 Spray quality  

The breakup mode and breakup distance change the nature of the resulting spray. 

The droplet velocity and SCA remained the same for all stable atomizers at a given 

operating regime but the droplet sizes alternated. The integral Sauter mean diameter 

(ISMD) generally decreases with increasing pl, which was well documented for the 

Simplex atomizers [58-60]. and slightly deteriorates with increasing SFR. This is the 

opposite result to [43] but in line with [44]. Moreover, the ISMD decreased with 

increasing breakup distance, which is responsible for the difference found among the 

atomizers. The atomizer with a longer breakup distance formed finer droplets. This 

effect was most evident for low pl and SFR = 0.3 and 0.6. To conclude, Paper II 

proposed that the optimum SR atomizer features the off-axial parallel orifices. If the 

spray quality has a high priority, the C2 atomizer with the SL orifice placed on a radius 

rs/2 is recommended. However, the highest turn-down ratio with stable spray was 

achieved with the C3 atomizer, but the spray quality was slightly worse at regimes 

with SFR = 0.3–0.6. 

 

 Paper III (Objective A and B): Internal flow of various SR atomizers 

Paper III represents the core of this thesis. It addresses an experimental study of the 

internal flow of several SR atomizers operated under three pressure and four SFR 

regimes. Together with Papers I and II, it provides a complete series, which fills the 

knowledge gaps regarding the performance of the SR atomizers and delivers a design 

guideline for the SL orifice.  

The second generation of our transparent atomizer was used here. This version 

allows for a rapid change of an SL orifice plate without the necessity of atomizer 

disassembly. A new index matching liquid was used. The p-cymene, which was used 

in Paper I, was replaced by a solution of jet A-1 fuel and 1-Bromonaphthalene. The 

main advantage of this solution is very accurate matching of the refractive index of 

liquid and the atomizer body with an error of less than 0.001 for 660 nm wavelength. 

Moreover, this liquid is less corrosive to the PMMA than p-cymene, which 

significantly reduced the lifetime of our previous model.  

Several geometries of the SL orifice were used; most of them were based on 

geometries tested in Paper II. The internal flow was observed using a high-speed 

camera, and three velocity components were measured by LDA. 

  

5.3.1 Modification of the Inviscid Analysis 

The internal flow of the Simplex atomizer can be analytically described using the 

inviscid analysis, which is a useful tool for basic understanding of the internal flow 
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structure and can serve for the first stage of the atomizer design process. This approach 

has a limited usability of the SR atomizers due to the variable SFR, which leads to a 

change in the axial to swirl momentum ratio. Likewise, the value of the swirl number 

So is changed. The change in So was derived in this paper in dependence on the SFR 

as: 

 
𝑆0 =

𝜋𝑟𝑜𝑅𝑝�̇�𝑝

𝐴𝑝�̇�𝑖𝑛𝑗
=

𝜋𝑟𝑜𝑅𝑝
𝐴𝑝(1 − 𝑆𝐹𝑅)

 (IV.1) 

Then, the term Apr = Ap(1-SFR) represents the reduced area of the inlet ports. This 

area represents a part of the inlet through which the liquid flows into the swirl chamber 

and is discharged. The rest of the inlet port serves to feed the liquid directly to the SL 

orifice. Further, the reduced atomizer constant, kr, can be derived as a function of SFR: 

  

 
𝑘𝑟 =

𝐴𝑝(1 − 𝑆𝐹𝑅)

𝜋𝑅𝑝𝑟𝑜
 (IV.2) 

When kr is established, the classic inviscid analysis can be directly used in the same 

way as for the Simplex atomizer. This allows for prediction of theoretical CD or SCA 

in dependence on SFR. The predicted values of CD, CDinv, captured well the overall 

trend and were found to be systematically shifted from measured data as 

CD = 1.16CDinv. Therefore, the viscous losses in the swirl chamber reduced the swirl 

velocity, which resulted in a smaller air-core diameter. The smaller air-core block a 

lesser portion of the exit orifice and increase CD.  

The approach based on the reduced atomizer constant was validated for calculation 

of SCA using a semi-empirical equation derived by Rizk and Lefebvre for the Simplex 

atomizers [56]: 

 𝑆𝐶𝐴 = 𝐵𝑘1𝑟
−0.15 (

𝑝𝑙𝑑𝑜
2𝜌𝑙

𝜇𝑙
2 )

0.11

 (IV.3) 

where k1r is the atomizer constant used in [56] and can be simply transferred for SR 

version in the same way as in eq. IV.2. This correlation fitted the experimental data 

with R2 = 0.89. The most important fact is that the derived exponents in eq. IV.3 are 

virtually identical to the empirical fit proposed in Paper II for small-scale SR 

atomizers. Therefore, this approach can be applied to the majority of empirical 

equations, where the atomizer constant is a variable.  

 

5.3.2 Advanced modification of SL orifice 

The modified inviscid theory well connects the existing correlation with a variation 

in SFR. However, the geometrical design of the SL orifice itself is not solved. 

Similarly, as in Paper II, several designs were compared in terms of the discharge 

parameters and air-core stability. The turn down ratio was found to be linearly 

decreasing with dpc, which refines findings from Paper II. Tangential inclination of 

SL orifices can effectively modify the static pressure in the SL. The orifices inclined 

towards the swirl motion performed reduced intake losses and higher static pressure 
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in SL for low SFRs. This may be disadvantageous in some practical applications since 

a small change in SL pressure causes a large drop in SFR. The opposite inclination 

ensures a smoother pressure regulation curve, which is beneficial for a pressure 

regulator. Nevertheless, the orifice inclination had a negligible effect on the SCA and 

the air-core. 

This paper also introduced an atomizer with a solid insert along the swirl chamber 

centreline. As based on the literature review, a shorter air-core should be also more 

stable. However, the inserts, which aim to shorten the air-core, proved opposite. The 

air-core was generally less stable and the atomizer yielded a slightly higher CD. The 

only beneficial effect is a higher resistance to air leakage inside the SL. 

 

5.3.3 Temporal behaviour of the air-core and liquid sheet 

The stability of the air-core was measured using standard mean deviation (SD) of 

its diameter. The position of SL orifice affected the air-core stability since a decrease 

in dpc resulted in an increase in the air-core SD. It was proved that the air-core 

instabilities are directly transferred on the emerging liquid sheet. However, no specific 

frequencies on the air-core surface nor the discharged liquid sheet were found. Two 

modes of the liquid sheet waves were identified, the partially unstable liquid sheet, 

which is likely to cause a short-wave breakup, contained a wide spectrum of high-

frequency waves. This mode was observed only for atomizers with SL orifice very 

close to the atomizer centreline.  

The essential outcomes of this paper may be used by engineers dealing with the 

atomizer design. It allows for the SR atomizer to be predicted using a simple analytical 

approach or empirical correlation derived for Simplex atomizers.   

 

 Paper IV (Objective D): Numerical simulation of internal flow 

The numerical CFD simulation of the internal flow is a nowadays tool for designing 

of the atomizer. It allows for fast and accurate predictions of many characteristics, 

such as pl, CD and SCA, without necessity of atomizer manufacturing. As the review 

in this thesis suggest, there is no consensus on how to treat the internal flow 

turbulence. Several authors assumed a laminar flow even for very high Rep, others 

used industrial standard turbulence models. It is also unknown how the geometry 

simplification affects the results. The simplification can be done in several steps from 

a full-scale 3D model over a periodic 3D model to a very simple 2D axisymmetric 

model. Finally, the flow can be solved in a steady or transient manner, where the 

transient one requires several times larger computational power, but can capture 

unsteadiness of the air-core surface. These problems are addressed in Paper IV, which 

is currently in the final stage of preparation. The CFD results are validated by a 

comprehensive experiment that used the same modular atomizer as in Paper III, but 

with the Simplex cap and p-cymene as the liquid. The operating regimes were selected 

to provide the widest feasible range of Rep. These regimes should cover a transition 

from laminar to turbulent pipe flow, since Rep = 1000, 2000 and 4000. The laminar 

simulation was compared with turbulence models represented by k-ε RNG and 
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realizable, k-ω SST, Reynolds stress model and Large Eddy Simulation (LES). The 

simulations were performed in commercial software Ansys Fluent 19.2. 

 

5.4.1 Summary of main finding 

The geometry simplification was examined in several steps. The most complex 

models used full 3D geometry with the inlet port. This model allows for the air-core 

to divert from the swirl chamber centreline. Since the atomizer geometry can be 

divided into three identical parts, the periodic model can be used. The predicted flow 

parameters were almost identical with the full model, yet the calculation was more 

stable since the air-core axis was forced to be equal to the swirl-chamber centre line. 

Further simplification has no discreet inlet port. However, this model diverted from 

the experimental data and is not viable even if the inlet profile is pre-calculated. The 

simplest 2D model returns reliable results, but the inlet swirl velocity must be set 

carefully, since keeping the same angular momentum yielded non-optimal results. 

The steady simulations gave comparable data with averaged transient ones, but they 

were more sensible to a proper mesh selection. However, the Steady simulation can 

produce sufficiently converged results 100× faster than the transient one. The choice 

of the appropriate physical model is essential. The worst results surprisingly returned 

the 7-equation RSM model, which should be superior for the swirl dominant flows. 

The performance of turbulence models was strongly affected by wall functions. The 

improper wall function prevented the air-core from forming.  

The closest results to the experimental data are yielded by the LES model, which 

was reliable for the whole Rep range. The laminar model slightly differs at Rep = 4000, 

while the k-ω SST overestimated the air-core dimension for the whole Rep range. Yet, 

even this model was more accurate than some analytical or empirical correlations. 

The results from this paper served for the preparation of numerical simulations of 

the SR atomizers. The preliminary results of SR atomizer simulation show a good 

agreement with the experimental data presented in Paper III. These simulations will 

explain some observed phenomena in Paper III and are yet to be published. 

 

 Paper V (Objective E): Effect of nanoparticles on spray parameters 

The addition of nanoparticles is a modern way to improve liquid thermo-physical 

properties. These nanoparticles enhance the thermal properties of a liquid, which e.g. 

improves heat transfer coefficients of spray cooling [61] or enhances the combustion 

process [62]. This paper examined the impact of the nanoparticles on the liquid 

rheology and consequently its effect on the spray generated by the Simplex atomizer. 

Several different nanofluids were composed of water, surfactant, which improves a 

mixture stability, and four different types of nanoparticles made from alumina, zinc, 

copper, and iron oxides. A range of weight concentrations varied between 0.01% and 

2%. These nanofluids can be used in spray cooling applications since their thermal 

properties are better than the base liquid.  

The liquid breakup nature and the SCA were documented by a high-speed camera, 

while the PDA system was used to document droplet sizes. Note here that the 
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maximum nanoparticle diameter must not exceed the wavelength of the laser light to 

prevent noise in the data signal. Therefore, all the nanoparticles including their 

conglomerates must be smaller than roughly 500 nm. To avoid particle 

agglomerations, the liquid had to be placed in an ultrasonic bath prior to the 

measurement.  

 

5.5.1 Summary of main finding 

The addition of nanoparticles slightly changes the rheological properties of the base 

liquid. The nanofluid viscosity increases with particle concentration. The viscosity is 

considered to have the greatest impact on the spray parameters. The 2% weight 

concentration changed the liquid viscosity by about 10 %. The surface tension was 

not changed at all, while density slightly increased with the concentration. However, 

a change in density is usually small and the impact on the spray could be considered 

as negligible [1].  

The camera-based SCA differed less than 1° among tested atomizers, which is in 

line with small changes in the liquid rheology. In addition, the difference in the 

breakup distance was indistinguishable. This suggests that the addition of 

nanoparticles has no impact on the internal flow, except for a slight change in the 

liquid rheology, which can be likewise studied using conventional liquids. 

The sprayed droplet sizes, discussed by means of integral Sauter mean diameter, 

differed less than 2 μm among both extremes, which is in a similar order of magnitude 

as the estimated measurement uncertainty. Hence, the addition of the nanoparticles 

positively contributes to the spray cooling performance as they enhance the thermal 

properties of the resulting nanofluid without significantly affecting the hydrodynamic 

spray characteristics. The results also suggest that further investigation should be 

focused on higher particle concentrations since the liquid physical properties will be 

influenced in a more significant way. 

6 Conclusion 
As formulated in the aim and objectives, this thesis presents an experimental and 

numerical study of the performance of Pressure-swirl Spill-return (SR) atomizers. The 

conducted study focused mainly on the internal flow, but the spray parameters were 

studied to provide a more complete picture. 

The summary of the main conclusions from the studies, which fulfils scientific gaps 

specified in section 3: 
• A single central spill-line (SL) orifice inhibits the air-core formation for low SFRs, due to 

recirculation zone, which allows for the liquid from SL to be drained into the swirl chamber 

and to fill the low-pressure central zone. 

• Off axial SL orifices are free of this defect, but the turn-down capability of the atomizer 

linearly decreases with increasing distance of the SL orifice from the swirl chamber centreline 

• The air-core stability decreases with smaller dpc, yet this effect is only relevant for orifices 

placed closer to the atomizer axis than half radii of the swirl chamber, rc/2. 
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• The air-core surface waves are transferred directly to the liquid sheet surface; however, the 

frequencies are in wide spectra without any dominant one.  

• These transferred instabilities can change the breakup mode, which consequently harms the 

atomization quality. 

• A shortwave breakup was observed for partially unstable atomizers and produced larger 

droplets than the stable regime, which generated a long wave breakup with a longer breakup 

distance. 

• The addition of nanoparticle does not change the drop sizes, but may significantly improve 

liquid thermal properties. 

• The CFD simulations proved to be a powerful tool for the atomizer design process. A relatively 

small sensitivity to the turbulence model selection was found since Laminar, Large Eddy 

simulation and k-ε models differed by less than 5 %. 

The results of this thesis can be beneficial for engineers dealing with atomizer 

design. It explains several knowledge gaps regarding the design of the Spill-line 

orifice and reveals its effect on both the internal flow and spray parameters.  

 

 Future research 

A map of the SL orifice behaviour is still incomplete. The radial position of SL 

orifice changes the discharge coefficient of the inlet port, which should be further 

discussed. It is also still unknown what drives the change in the air-core stability for 

some off-axial SL configurations. These issues are to be found within CFD 

simulation, which allows for the fast examination of more geometrical configurations, 

and reveals unmeasurable characteristics. Further research within the Spray laboratory 

is currently focused on the atomizer behaviour in presence of a cross-flow. The liquid 

sheet stability changes with an airflow and, at certain air velocity, the differences 

among the atomizers probably diminish.  

 

 Limitations 

Due to the complexity of the internal flow, it is unbearable to capture all its features. 

This study proposed some recommendations on how to design the SR atomizers, but 

it was focused primarily on the small-scale atomizers. These atomizers found their 

practical use in e.g. small aircraft turbojet engines. Hence, the liquids with properties 

similar to the jet A-1 were used. Some geometries may return different results with 

highly viscous liquids. Moreover, the design of the swirl chamber remained 

unchanged to isolate the effect of SL orifice. The atomizers that have much higher or 

lower So may show, to some extent, a different flow stability and require a different 

geometry of the SL orifice. 

Further limitations are linked with the laboratory approach itself as several aspects 

presented in the real-life applications had to be omitted. Such effects are high-

temperature environment, elevated surrounding pressure, or presence of ambient 

airflow. Each of these effects plays a considerable role in the atomizer performance. 
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Abstract 
Pressure-swirl (PS) atomizers are used in many applications where a large surface 

area of droplets is needed, or a surface must be coated with a liquid, e.g. combustion, 

spray cooling or spray coating. Spray characteristics of PS atomizers are strongly 

linked to their internal flow. Spill-return (SR) atomizers enhance the construction of 

classic PS atomizers (Simplex) by addition of a passage through which the liquid can 

be spilled away. It allows regulation of an injection flow rate by spilling out a portion 

of the liquid from the swirl chamber, while the liquid pressure remains high. This 

ensures a good atomization quality over a wide flow rate range. The SR atomizers 

were rarely investigated and their internal flow has not been studied at all. In this 

thesis, both experimental and numerical approach is used to describe the internal flow 

pattern of several different SR atomizers. The results are then correlated with 

measured spray parameters. It shows that the addition of the spill passage strongly 

affects the internal flow even when the spill-line is closed. In some cases, the air-core 

does not form at all and destabilizes the discharged liquid, which results in the 

unstable spray. Off-axial SL orifices generate and stabilize the air-core, which leads 

to the regular formation of a liquid sheet and a high-quality spray. Nevertheless, some 

configurations changed the breakup nature of the liquid sheet and consequently the 

spray quality. Moreover, the turn-down ratio of the liquid supply rate and spray 

stability depend on the distance of the SL orifices from the swirl chamber centreline. 

Finally, an inviscid analysis of the internal flow, originally derived for the Simplex 

atomizers, was modified and applied to the SR atomizers. Using this approach, a 

theoretical prediction of the discharge coefficient and the air-core diameter was 

derived with spill-to-feed ratio (SFR) as the variable. Also, the empirical correlations, 

originally established for the Simplex type, were transformed to the SR atomizer. This 

thesis brings a new insight into the understanding of the internal flow of SR atomizers 

and its results can be directly used by engineers in the design process of the atomizer. 
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Abstrakt 
Tlakové vířivé trysky (TVT) jsou používané v mnoha aplikacích, kde je potřebná 

velká plocha kapek nebo kde povrch musí být nanesen kapalinou, např. spalování, 

sprejové chlazení nebo nanášení barev. Parametry spreje z TVT jsou úzce spojené 

s jejich vnitřním prouděním. Obtokové trysky vylepšují koncepci klasických TVT 

přítomností otvoru, skrz který může kapalina odtékat zpět do nádrže. Díky této 

koncepci je možné regulovat vstřikovací množství kapaliny změnou průtoku tímto 

otvorem, zatímco se ve vířivé komůrce udržuje vysoký tlak, který zaručí dobrou 

kvalitu spreje. Obtokové trysky byly historicky málo prozkoumány a jejich vnitřní 

proudění nebylo studováno téměř vůbec. V této práci je popsáno vnitřní proudění 

několika obtokových trysek jak experimentálně, tak numericky. Tato data jsou 

následně korelována s měřenými vlastnostmi spreje. Výsledky ukazují, že přidání 

obtokového otvoru silně ovlivní vnitřní proudění i v případech, kdy obtokem neproudí 

žádná kapalina. V některých případech se vůbec nezformuje vzdušné jádro a tím se 

destabilizuje výtok z trysky, čímž vznikne nestabilní sprej. Mimoosé obtokové otvory 

generují a stabilizují vzdušné jádro, což pomáhá formovat kapalinovou stěnu a vysoce 

kvalitní sprej. Nicméně některé konfigurace změnily charakter rozpadu kapalinové 

stěny, což se projevilo i na kvalitě spreje. Navíc regulační schopnost a stabilita spreje 

závisí na vzdálenosti obtokových otvorů od osy vířivé komůrky. Na závěr byla 

upravena neviskózní teorie, která analyticky popisuje vnitřní proudění v TVT, tak aby 

byla aplikovatelná i na obtokové trysky. Pomocí tohoto přístupu byla odvozena 

teoretická predikce výtokového součinitele a velikosti vzdušného jádra v závislosti na 

obtokovém poměru (SFR). Zároveň byly pro obtokové trysky upraveny empirické 

korelace původně odvozené pro TVT. Tato práce přináší nový vhled k porozumění 

vnitřního proudění obtokových trysek a její výsledky najdou uplatnění při jejich 

návrhu. 
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