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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 S L 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 S L 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. 

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



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 T V T jsou úzce spojené s jejich vnitřním prouděním. 
Obtokové trysky vylepšují koncepci klasických T V T 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. N a závěr byla upravena neviskózní teorie, která analyticky popisuje vnitřní proudění 
v T V T , 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 T V T . Tato práce přináší nový vhled k porozumění vnitřního proudění 
obtokových trysek a její výsledky najdou uplatnění při jejich návrhu. 
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1 Introduction 
Pressure-swirl (PS) atomizers are widely used in many industrial applications, e.g. for cooling, 
painting, food processing or in combustion engines. The atomizer as a fuel delivery device plays 
an irreplaceable role in the concept of the engine, and more effective atomizers can improve 
the engine efficiency and reduce emissions. PS atomizers were introduced more than a century 
ago, but there are still possibilities for further incremental development. The abilities to atomize 
very viscous liquids or operate at a wide range of injection flow rates are among the parameters 
where the PS atomizers can further develop. 
The simplest design of the PS atomizer is so-called Simplex version. It consists of three parts: 
tangential port, swirl chamber and exit orifice. The liquid is injected into the swirl chamber via 
tangential ports, which convert the pressure energy into the kinetic energy. It gains a swirl 
momentum in the swirl chamber and is consequently discharged by the exit orifice in the form 
of a hollow-cone liquid sheet. This sheet subsequently breaks up due to aerodynamical forces 
into filaments and ligaments. The geometry of the internal parts significantly affects the internal 
flow and, consequently, the discharged spray itself. 
The disadvantage of the PS atomizer is that the liquid flow rate is proportional to the inlet liquid 
pressure. Therefore, the regulation range is limited. To overcome this, the spill-return (SR) 
modification was introduced more than half a century ago. These atomizers have an orifice in 
the rear wall of the swirl chamber. The liquid can be spilled away from the swirl chamber by 
the so-called spill-line (SL) orifice. When the S L orifice is open, only the axial momentum is 
reduced which results in a lower injection flow rate, but the liquid swirl momentum remains. 
Due to a high swirl momentum, the spray cone angle widens and the atomization quality 
remains good over a wide range of injection flow rates. The schematic drawing of a typical SR 
PS atomizer with outlined flow path is illustrated in Figure 1. These atomizers can be used in 
various combustion chambers where a wide range of operation regimes is required. However, 
this concept has some disadvantages. The atomizer design is more complex than that of the 
Simplex atomizer, and a more complex fuel supply system is required due to the presence of 
the spill-line. 
The SR atomizer can be also used in applications where a very small liquid flow rate is required, 
such as lubrication applications, painting, and small combustors. For practical purposes, the 
manufacturing limit is around 0.2 mm of feature dimensions [1]. Moreover, small atomizers 
have a higher risk of clogging. These issues can be overcome using the SR atomizer and operate 
it with a high amount of spilled liquid. 
This PhD thesis is also motivated by the Czech company První Brněnská Strojírna a.s., where 
a small-sized SR atomizer is used in their turbojet aircraft engine. However, the former design 
of the atomizer executed problems with spray stability. This thesis, amongst others, proposes 
design changes of their SR atomizer to prevent observed instabilities. To reveal more complete 
picture of the atomization process of the SR atomizers, the external flow and spray 
characteristics were investigated even though the focus is on the internal flow of SR atomizers. 
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2 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, pi, 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 
pi must be reduced fourfold, which harms the atomization quality [2]. 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 [3]. 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 [4]. 
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, 2, 5, 6]. Note here, that Atomization and 
sprays by A . H . Lefebvre [2] 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. 
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These monographies are regularly updated by review manuscripts, e.g.:[7] from 2015. 
However, the underlying physics of the internal flow is represented only in a part of respective 
publications. It should be studied in order to establish a link between the atomizer design and 
spray characteristics. 
The spray generated by PS atomizer contains droplets with various velocities and sizes. To 
evaluate the spray parameters, the size and velocity of individual droplets are usually measured. 
Droplet sizes are usually described by the Sauter mean diameter, SMD, or D32, which can be 
defined as a diameter of a drop, which has the same volume to the surface ratio as the entire 
spray. The low SMD is useful for combustion applications. Another important parameter is the 
spray cone angle, SCA, which is an apex angle of the spray cone. Its value should be known to 
avoid the contact of the spray with the combustor wall . The spray temporal stability also affects 
the combustion process, since the unstable spray can generate an unstable temperature field, 
which results in excessive engine wear. 

2.1 Spray formation from a PS atomizer 
A spray formation process can be dived into several parts, see Figure 2. 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 [8] 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 [2]: 

where do is a diameter of the exit orifice, m; is the liquid mass flow rate, pi is the liquid viscosity, 
pi is the liquid density, and pi is the liquid overpressure. The parameter B is an experimental 
constant dependent on the atomizer used. This equation was derived with B = 3.66 [9], but 
revised later to reach the values of 2.7 [10] and 3.1 [11]. 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 [12] 
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 ~ t039 [2]. 

0.25 

(1) 
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" • .Secondary breakup 
' and final droplets "> 

Figure 2 Liquid sheet breakup. The author's diploma thesis [13]. 

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. [13] 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 et al. [14] 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 et al. [15]. They found a transition from the long-wave to the short-wave breakup 
mode at Weber number value of 27/16. Their 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. 

Figure 3 Breakup modes of the liquid sheet [17]. 
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Increasing liquid injection pressure 

Increasing liquid injection pressure 

Figure 4 Effect of pi, on the liquid sheet structure. The author's diploma thesis [13]. 

The breakup mode is often linked with the internal flow structure [16], 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 S L orifice [17], see Figure 3, where two atomizers, which differ only 
in the position of the S L 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. A n improper design 
of the S L orifice can result in highly pulsating spray - see the paper I and II. 
L i n et al. [18] analytically described breakup mechanisms using dimensionless criteria. A n 
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. This behaviour can be 
observed in Figure 4, where the effect of pi on the liquid sheet structure is shown. A t very low 
pi, the internal flow is not developed and the Rayleigh breakup mechanism dominates. A t 
pi > 0.15 M P a , a hollow-cone liquid sheet is developed. With further increase in pi, the breakup 
distance is rapidly shortened. Despite the short breakup distance, the final droplets are smaller 
at higher pi, since the combined effects of smaller t and higher relative velocity, which enhance 
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the secondary break up, dominate [2]. Note here that the secondary break up was studied in 
detail in [19] and it is out of the scope of this thesis. Similarly, other spray-related effects are 
not studied here: evaporation [20] and droplet collisions [21]. 

2.2 Nanofluids sprays 
A s mentioned above, the spray quality is dependent on the atomizer geometry, operating 
conditions, and liquid rheology. In recent years, a novel approach for the spray process 
enhancement was proposed; an addition of nano-sized particles into the liquid can improve the 
thermal properties of the fluids [22, 23]; this can enhance spray cooling parameters [24, 25]. 
Moreover, the use of metal nanoparticles as fuel additives can have a positive influence on fuel 
combustion and emission performance [26]. Since both mentioned applications are spray based, 
the spray quality is a crucial factor here. The optimal goal is to keep the spray parameters intact, 
but enhance the liquid thermal properties. The actual effects of adding nanoparticles in the fluid 
flow characteristics and, particularly in the mechanisms of atomization, are still scarcely 
reported. A hydrodynamic behaviour of the nanofluids slightly differs from that of the pure 
liquids, which is mainly related to physical modifications of the local and of the bulk properties 
of the nanofluids. From the literature reviewed, the only known study related to the spray 
characteristics of nanofluids was conducted in 2017 by Kannaiyan and Sadr [26], who found 
only minor effects of alumina nanoparticles on the spray parameters. This topic is addressed 
within this thesis in Paper V , where the effect of nanoparticle addition on the liquid sheet break 
up, stability, SCA, and spray parameters is studied. 
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3 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. 

3.1 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: 

_ rhi _ ™-inj (2) 
Discharge coefficient: D — ™ ~ a n 

6 mtheor A0^2ppx 

Atomizer constant: , Ap 

k  = ^ ( 3 ) 

where CD is a ratio of a measured liquid flow rate mi to a theoretical mtheor rate, which can be 
derived from the Bernoulli equation. Ao is the area of the exit orifice and pi 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 - />), and the radius of the exit orifice r0. 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 [27], are as 
follows: 

PiDV 
Reynolds number Re = (4) 

Pi 
77 - Q 

Froude number ~ , 2 2 ; / (5) 
2x(ro ~racUjrog 

rilinjVpRp TTT0Rp 
Swirl number S0 = — = — - — (6) 

^inj^o^o ™-p 

ptdcV2 

Weber number We = (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 u0, 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 
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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 [27], but this has a great impact on 
the atomization itself. 

3.2 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 Griff en a 
Muraszew described and revised in detail in [28-30]. 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 p, 
5 — = - (8) 
2 p, 

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

wr = —£ (9) 
Rp 

where w is the tangential velocity, r is the radius. In the exit orifice, the axial velocity can be 
defined as: 

U o = - 2 Q 2, (10) 
x(r0 ~roac ) 

On the surface of the air-core r = roac. In the exit orifice, u = u0. Combining eqs. 8, 9 and 10: 

Q2

 | Q2(rc-rp)2

 = P l 

2n2(r2-r2

ac)2 2A2r2

ac px 

A t given pi, 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: SQ/Sroac =o- The equation 11 

with the maximal flow assumption can be rewritten in a simplified form [28-30]: 
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 = AoaJAo. This ratio is 
dependent solely on the atomizer constant, k. Once the X is known, the inviscid discharge 
coefficient CDinv can be calculated as: 

1(1 -xy 
CDinv - ^~YTx~ ( 1 3 ) 

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 [28]) also derived 
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that the SCA is solely dependent on k. Nevertheless, the accuracy 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 [9] experimentally modified the correlation for the calculation of 
CD and added the effect of the ratio of dc/do. Jones [31] 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. [32] 
found an influence of pi on the CD. Benjamin et al. [33] followed the work of Jones [31] and 
experimentally updated the value of constants. Surprisingly, they found the opposite effect of 
some parameters. Sakman et al. [34] used the numerical simulation to predict the CD for 
different atomizer geometries; however, with constant viscosity and pressure. Lee et al. [35] 
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. [36] 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. 
A m i n i [3] compared the results from viscous and inviscid analysis with C F D results. The 
viscous analysis assumed the viscous losses within the boundary layer. The accuracy of C F D 
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 C F D . 
Probably the most complex theoretical analysis of the internal flow was made by Wimmer and 
Brenn [37]. 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 5. This behaviour was experimentally confirmed, amongst others, in our study [38]. 
Anyway, the air-core temporal behaviour is still unresolved by any analytical model. 

3.3 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 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. The key studies are summarized in Table 1. 
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A transparent atomizer operated at several pressure and temperature regimes was used by Lee 
et al. [35]. The authors found a dependency of the air-core stability on the swirl chamber Rec, 
see Figure 6. 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 . A t 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. 
Haider et al. [39] experimentally investigated the effect of internal geometry on the air-core 
stability using 21 different transparent atomizers. Similarly as in [35], 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. 
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Figure 5 Effect of liquid viscosity on the swirl velocity component. Taken from [37]. Rac is the air-core radius, 
R0 is the radius of the exit orifice. 
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Figure 6 Effect of Rec on the air-core length (left) and SCA (right). Taken from [35]. 
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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. [40], 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. K i m [41] et al. investigated the effect of length and 
diameter of the swirl chamber. A t high ratios of hc/dc, the air-core tends to be unstable and even 
splits into two air-cores, see Figure 7. The unstable regimes cause temporal fluctuations in the 
liquid fi lm thickness. The stable air-core was achieved for hc/dc < 1.06, which represents the 
atomizers with short swirl chambers. Temporal behaviour of the air-core was studied by Sumer 
et al. [42] using high-speed imaging and numerical simulation. They found a surface wave 
frequency of around 300 Hz . 
Dash et al. [43] 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. 
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m i l • h 
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Figure 7 The stable and unstable air-cores as observed in [41]. 
Table 1 Overview of several key studies of internal flow 

Author Air-core shape Parameters 
Operating 

liquid 

No air-core 
Rec < 2400 

pi < 0.3 M P a 

Lee [35] Unstable 
2400 < Rec < 3300 

pi > 0.3 M P a 
Diesel 

Kerosene 

Stable 
Rec > 3300 

pi > 0.9 M P a 
No air-core ReP < 900 

Haider [39] Unstable 900 < ReP < 2100 Water 
Stable ReP > 2100 

Moon [40] 
Unstable So < 0.6 

Gasoline Moon [40] 
Stable So > 0.6 

Gasoline 

Kim [41] 
Stable 0.7 < hc/dc < 1.06 

Water Kim [41] 
Double air-core 1.27 < hc/dc < 3.06 

Water 
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Cooper et al. [44] 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 [45] found only a negligible effect of the convergent shape on the spray 
characteristics. 
Lev ante et al. [46] pointed on the presence of air-core surface distortions, which were later 
studied in detail by Chinn et al. [16], 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. 
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. 

3.4 Spill-return atomizers 
The PS SR atomizers are modified versions of the Simplex types with extended regulation 
range. The spill-line, S L , 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 pi. The SR atomizer can spill the liquid from the swirl chamber away and reduce 
the injection flow rate, rhmj, dramatically. The amount of spilled liquid, m, to the pumped 
amount, mP, is defined as a spill-to-feed ratio, SFR = mPlmP. 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 pi 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 [47]. These 
atomizers benefit from a very good atomization quality at low engine powers, easy regulation, 
and clogging resistivity. 
Kapitaniak [48] 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 S L orifice. 
The SR atomizers were also widely studied in the Soviet Union and the results are available 
within Borodin's [49] publication from 1967. It contains a vague study on the S L orifice 
arrangement. It shows that the size and radial position of the S L orifice plays an important role. 
The authors proved that the radial position of the S L orifice can change the atomizer CD, even 
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when operated in the Simplex mode at SFR = 0. This effect is the strongest for the single axially 
placed orifice and decreases with the S L 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 S L 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 [1,5]. 
R izk et al. [50, 51] experimentally investigated several SR atomizers under various operating 
conditions. A n increase in SFR leads to wider SCA and a slight decrease in droplet sizes. The 
authors used a single axially placed S L orifice. However, an opposite trend in the drop size 
distribution was observed by Dai et al. [52], where an increase in SFR caused an increase in the 
drop sizes. 
Loffler-Mang et al. [53] were the first ones to use a transparent SR atomizer with a single axial 
S L 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. 
Slowik [54] et al. pointed on the problems with spray stability in some SR atomizers, especially 
at low SFRs. Nasr et al. [55, 56] used the SR atomizer for decontamination chambers, where 
very fine droplets and low rhmj are required. They used pi up to 12 M P a . One of the benefits of 
this atomizer was superior clogging resistance compared to the Simplex atomizers since the exit 
orifice can be larger. They compared several atomizers with different diameters of the axial S L 
orifice and used no regulation within the S L . A larger area of S L orifice yields a higher SFR; 
therefore, the rhmj was decreasing. The droplet sizes were increasing with SFR, similarly as in 
[52]. 
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 rhmj, limit their use in jet engines [4]. 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 S L 
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 [57-59], 
off-axial orifices [60], tangentially inclined orifices [61]. 

3.5 Numerical solution of the internal flow 
Chinn in his inviscid analysis review [29, 30] suggests using the inviscid analysis as the first 
approximation of the atomizer design and recommends the use of C F D tools for final design 
refinements since it produces more accurate results compared to the analytical models. The 
number of C F D studies has gradually increased during the last 20 years, mainly due to 
increasing computational power. 
Yule a Chinn in 1997 [62] conducted one of the first 2D simulations of the Simplex atomizer 
internal flow. They compared the predicted values of SCA and CD with experimental data and 
found the difference of less than 3%. Note here that they used a laminar solver to calculate the 
velocity field, even though the internal Re reaches the values over 50,000. They discussed this 
by means of atomizer small dimension where the turbulent flow cannot fully develop. Chinn 
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discussed this behaviour later in [27], where he calculated that, even for a large scale atomizer 
(up to a centimetre in the exit orifice radius) and operated at high pi, the flow is to be laminar. 
This is further supported by the fact that the swirl dominant flow itself tends to laminarise the 
flow. 
Madsen et al. [63] compared laminar and L E S (Large-eddy simulation) simulations using 3D 
mesh in the range of ReP = 11,000 - 41,000. The results were validated using experimental data. 
Both models were able to predict the internal flow including the air-core; however, the L E S 
approach required a much finer mesh and it is more computationally expensive. The authors 
tried to include the two-equation k-s model, which is the industry standard; however, this 
model failed to predict the internal air-core. Nouri-Borujerdi et al. [64] compared the laminar 
model with the 7-equation Reynolds stress model (RSM) in a 2D simulation The later model is 
often used in flows where the anisotropic turbulence occurs. This is the case of swirl dominant 
flow in the Simplex atomizers. The authors compare the C F D results with experimental data in 
the range of ReP = 18,000 - 40,000 and also discuss the C F D solution of Datta et al. [65], who 
used a simpler k-s model. The laminar model achieved the best match with the experimental 
data, while the k-s performed worse than the analytical solution. Both turbulence models 
overestimated turbulence viscosity. 
A review of numerical setups is shown in Table 2. No clear conclusion can be made on selection 
of the physical model selection. Various authors used both laminar and turbulence approaches 
for a wide range of ReP. The most common turbulence models are based on the k-s family and 
represented by realizable and renormalization group theory, R N G models. The R S M is also 
widely used. The air-core interface is usually captured by the Volume of Fluid (VOF) models. 
To the best of the author's knowledge, so far, any paper regarding C F D simulation of the SR 
atomizer has been published. 
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Table 2 Review of published numerical setups 

Software 2D/3D Transient Turbulence Interface Rep 

/steady model 

Shaikh [66] Fluent 
2D, 
3D 

Laminar 
V O F 

Geo-rec. 
1000 

Laurila [67] O p e n F O A M 
3D 

Fu l l 
Transient 

Implicit 
L E S 

V O F 
Geo-rec. 

420-5300 

Galbiati [68] 
3D 

Fu l l 
Transient 

L E S , R S M , 
R N G k-s 

V O F 
1700-
3800 

Ghate [69] Fluent 3D Transient R S M 
V O F 
P L I C 

2500-
12500 

Ibrahim [70] Fluent 2D R S M 
V O F 

Geo-rec 
5 x l 0 3 -
5 x l 0 4 

Amini [3] Fluent 2D Steady Laminar V O F 10 4 -10 5 

Dikshit [71] 3D Steady k-s V O F ~10 4 

Madsen [63] Fluent, C F X 3D 
Laminar, 

L E S 
V O F 

10 4 -
4 x l 0 4 

Hinckel C F X 3D Steady k-s 
V O F 
H E M 

>104 

Sumer [42] Fluent 
2D, 
3D 

Transient Laminar 
V O F 

H R I C 
l , 2 x l 0 4 

Qian [72] O p e n F O A M 2D 
Laminar, 

R S M 
V O F L S 
coupled 

~ l , 6 x l 0 4 

Nouri-
Borujerdi [64] 

2D 
Steady 

/transient 
Laminar, 

R S M 
Level set 

1,8 x l O 4 -
4 x l 0 4 

Marudhappan 
[73] 

Fluent 
2D, 
3D 

Laminar 
V O F 

H R I C 
~ 2 x l 0 4 

Baharanchi 
[74] 

2D Transient R N G k-s V O F ~ 2 , 5 x l 0 4 

Mandal [75] Fluent 2D Laminar V O F ~ 4 x l 0 4 

Vashahi [76] C C M + 3D Steady k-s, k-co 
V O F 

H R I C 
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4 Summary of knowledge gap 
The pressure-swirl atomizers are currently studied by many research teams even though they 
were introduced almost a century ago. The researchers focus on both their internal flow 
characteristics and spray parameters. 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. This disparity is notable 
in various setups of the C F D simulations, which boomed during the last two decades. 
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 C F D 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 [77]. 
The SR atomizers were only rarely studied. The presence of the S L orifices changes the internal 
flow and may harm the atomization itself. These atomizers can be controlled by setting the two 
variables; pi 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 S L 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. The off-axial 
orifices have several parameters to be set, such as their size, number, distance from the atomizer 
centreline, or their inclination. 
It is unknown why the central S L orifice causes the unstable spray, and how the spray 
instabilities affect the drop sizes. The effect of the S L 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 also 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. 
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5 Aim and objectives 
5.1 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. 

5.2 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 Co 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 ofSL orifice can change the SCA for the respective SFR. 
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5.3 Objectives 
To support all scientific questions, a set of specific objectives have been formulated: 

a) Identify spray stability conditions (Re, SFR, arrangement of S L 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 pi and SFRs regimes. 
d) Predict the atomizer performance using numerical C F D simulation of the internal flow 
e) Study the atomization quality and liquid properties by adding of nanoparticles 

5.4 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 . ; W I G L E Y , 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. E X P E R I M E N T A L T H E R M A L A N D FLUID SCIENCE, 2019, vol. 106, pp. 159-
170. ISSN: 0894-1777. IF = 3.498 (4) 

III. MALÝ, M . ; C E J P E K , O.; S A P I K , M . ; ONDRÁČEK, V . , W I G L E Y , G . ; JEDELSKÝ, J. 
Internal flow dynamics of spill-return pressure-swirl atomizers. E X P E R I M E N T A L T H E R M A L 
A N D FLUID SCIENCE, 2021, vol. 120. ISSN: 0894-1777. IF = 3.498 (0) 

IV. MALÝ, M . ; SLÁMA, J.; C E J P E K , 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 nanofiuid sprays for cooling applications. 
Journal of Thermal Analysis and Calorimetry, 2018, ISSN: 1588-2926. IF = 2.209 (4) 

5.5 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 
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V . Conducted all experimental work, part of the literature survey, data analysis and writing 
of the manuscript 

5.6 Other publications of the author related to the topic of the thesis 
Two journal papers, which were co-authored during PhD studies and are closely linked to this 
thesis, but not discussed here due to brevity. Both paper focus on the external flow of Simplex 
and Spill-return atomizers. The results of this thesis were presented at national and international 
conferences with more than a dozen conference papers published, some of them are listed 
below. 

JEDELSKÝ, J.; MALÝ, M . ; PINTO D E L C O R A L , N ; WIGLEY, G ; JANÁČKOVÁ, L. ; JÍCHA, M . 
Air-liquid interactions in a pressure-swirl spray. International journal of heat and mass transfer, 2018, 
vol. 121, pp. 1-11. ISSN: 0017-9310. IF = 3.891 (8) 

JEDELSKÝ, J.; MALÝ, M . ; JÍCHA, M . ; SLÁMA, J.; WIGLEY, G.; Importance of Geometrical Factors 
on Spray Characteristics of Spill-Return Atomizers. Journal of Propulsion and Power, 2021, vol. TBD, 
p. 11. ISSN: 1533-3876. IF = 1.940 (0) 

M A L Ý , M . ; SAPÍK, M . ; C E J P E K , O.; LÍZAL, F.; ONDRÁČEK, V . ; JÍCHA, M . ; JEDELSKÝ, 
J. Internal flow characteristics in Spill-return pressure-swirl atomizers. Paris: I L A S S , 2019. p. 
1-8. 

M A L Ý , M . ; JEDELSKÝ, J.; SAPÍK, M . ; C E J P E K , O.; SLÁMA, J.; W I G L E Y , G . Effect of 
spill orifice geometry on performance of spill-return pressure-swirl atomizers. Chicago: 2018. 
p. 1-8. 

M A L Ý , M ; JANÁČKOVÁ, L . ; JEDELSKÝ, J.; SLÁMA, J.; SAPÍK, M . ; W I G L E Y , G. 
Internal flow and air core dynamics in Simplex and Spill-return pressure-swirl atomizers. In 
28TH CONFERENCE ON LIQUID ATOMIZATION AND SPRAY SYSTEMS, ILASS-EUROPE 
2017. Valencia: 2017. p. 233-240. I S B N : 978-84-9048-580-4. 

M A L Ý , M . ; SLÁMA, J.; SAPÍK, M . ; JEDELSKÝ, J. 2D and 3D numerical modelling of 
internal flow of Pressure-swirl atomizer. In EFM18 Experimental Fluid Mechanics 2018. EPJ 
Web of Conferences. E D P Sciences, 2019. pp. 1-6. ISSN: 2100-014X. 

M A L Ý , M . ; SAPÍK, M . ; JEDELSKÝ, J.; JANÁČKOVÁ, L . ; JÍCHA, M . ; SLÁMA, J.; 
W I G L E Y , G . Internal flow characteristics in scaled pressure-swirl atomizer. EPJ Web of 
Conferences, 2018, vol . 180, no. 02059, pp 1-6. ISSN: 2100-014X. 

M A L Ý , M . ; JANÁČKOVÁ, L . ; JEDELSKÝ, J.; JÍCHA, M . Influence of operating conditions 
and atomizer design on circumferential liquid distribution from small pressure-swirl atomizer. 
In EPJ Web of Conferences. EPJ Web of Conferences. E D P Sciences, 2017. pp. 1-4. ISSN: 
2100-014X. 
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M A L Ý , M . ; JANÁČKOVÁ, L . ; JEDELSKÝ, J.; J ÍCHA, M . The influence of spill-line 
geometry on a spray generated by a pressure-swirl atomizer. In EPJ Web of Conferences. EPJ 
Web of Conferences. E D P Sciences, 2016. pp. 1-6. ISSN: 2100-014X. 

M A L Ý , M . ; JANÁČKOVÁ, L . ; JEDELSKÝ, J.; JÍCHA, M . Effects of Alternative Fuel 
characteristics on Spray Generated by Small Pressure- Swirl Atomizer. In The Application of 
Experimental and Numerical methods in Fluid Mechanics and Energy 2016. Žilina: University 
of Žilina, 2016. pp. 121-125. I S B N : 978-80-554-1193-4. 

5.7 Other publications of the author 
During PhD studies, the author contributed to several ongoing researches in the spray laboratory 
and collaborated with foreign research teams. Only the peer-review journal papers are listed 
below for brevity. 

U R B A N , A. ; Z A R E M B A , M . ; MALÝ, M . ; JOZSA, V. ; JEDELSKÝ, J. Droplet dynamics and size 
characterization of high-velocity airblast atomization. INTERNATIONAL JOURNAL OF MULTIPHASE 
FLOW, 2017, vol. 95, p. 1-11. ISSN: 0301-9322. IF = 2.592 (29) 

Z A R E M B A , M . ; WEIß, L . ; MALÝ, M . ; WENSING, M . ; JEDELSKÝ, J.; JÍCHA, M . Low-pressure 
twin-fluid atomization: Effect of mixing process on spray formation. INTERNATIONAL JOURNAL OF 
MULTIPHASE FLOW, 2017, vol. 89, p. 277-289. ISSN: 0301-9322. IF = 2.592 (14) 

U R B A N , A . ; M A L Ý , M . ; JÓZSA, V . ; JEDELSKÝ, J. Effect of liquid preheating on high-
velocity airblast atomization: From water to crude rapeseed oi l . EXPERIMENTAL THERMAL 
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6 Summary of conducted work 
6.1 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 H z 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 P M M A 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 - l 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, L D A , and 
provide high-contrast for imaging techniques. A high-speed camera Photron S A - Z documented 
the temporal and spatial behaviour of the air-core. The L D A 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 C F D 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. 

6.1.1 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 1 0 - 2 0 H z 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 
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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. [35] 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 S L 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 S L . 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. 
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6.2 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 S L 
orifices. This S L 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, P D A , and 
the discharged liquid sheet was documented at high temporal resolution by a Photron S A - Z 
high-speed camera. Seven different atomizers were investigated. The only difference among 
them was the position of the S L orifice, as shown in Figure 8. The paper aims to test the 
hypotheses established at the beginning of the author's PhD study, see chapter 5.1 of this thesis. 
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Figure 8 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) 

6.2.1 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 S L 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 S L 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 S L 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 S L orifice 
discharge coefficient of these S L 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 S L orifices close to the atomizer centreline are recommended. 

6.2.2 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 S L orifices, which well supports the 
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conclusion of Paper I. The spray cone angle, SCA, was identical for every stable atomizer and 
widens with p/and SFR as SCA ocpi 0 1 and (l-SFR)'015. The effect of p/was almost identical as 
proposed in [78, 79] 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 S L orifices further from the swirl chamber centreline (CI 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 [15] 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. 

6.2.3 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 pi, which was well documented for the Simplex atomizers [80-82] and slightly 
deteriorates with increasing SFR. This is the opposite result to [51] but in line with [52]. 
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 pi 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 S L orifice placed on a radius rJ2 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. 
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6.3 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 S L orifice. 
The second generation of our transparent atomizer was used here. This version allows for a 
rapid change of an S L 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 - l 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 P M M A than p-cymene, 
which significantly reduced the lifetime of our previous model. 
Several geometries of the S L 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 L D A . 

6.3.1 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 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: 

= nr0Rprhp = nr0Rp  

0 Aprhinj Ap(l-SFR) { " ] 

Then, the term Apr = AP{\-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 S L orifice. Further, 

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

AJ1 - SFR) 
K = P ' I (IV.2) fiRpr0 

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, CDIUV, captured well the overall trend and were found to be 
systematically shifted from measured data as CD = 1.16Comv. 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 [78]: 

/ H2 \ 0 1 1 

SCA = B k ^ { ^ ^ \ (IV.3) 
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where kir is the atomizer constant used in [78] and can be simply transferred for SR version in 
the same way as in eq. IV.2. This correlation fitted the experimental data with R 2 = 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. 

6.3.2 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 S L 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 S L orifices can effectively modify the static pressure in the S L . The 
orifices inclined towards the swirl motion performed reduced intake losses and higher static 
pressure in S L for low SFRs. This may be disadvantageous in some practical applications since 
a small change in S L 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 S L . 

6.3.3 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 S L orifice affected the air-core stability as a decrease in dpc resulted in an 
increase in the SD of the air-core diameter. 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 S L 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. 
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6.4 Paper IV (Objective D): Numerical simulation of internal flow 
The numerical C F D 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 pi, CD and 
SCA, without necessity of atomizer manufacturing. As the review in the previous section of this 
thesis insists (Table 2), 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 C F D 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-e R N G and realizable, k-co SST, Reynolds stress model and Large Eddy 
Simulation (LES) . The simulations were performed in commercial software Ansys Fluent 19.2. 

6.4.1 Summary of main finding 
The geometry simplification was examined in several steps. The most complex models used 
full 3D geometry with modelled inlet ports. This model allows for the air-core to divert from 
the swirl chamber centreline and should provide the most realistic results. 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 i f 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 roughly lOOx faster than the transient one. The choice of the appropriate 
physical model is essential. The worst results surprisingly returned the 7-equation R S M 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 L E S model, which was reliable 
for the whole ReP range. The laminar model slightly differs at ReP = 4000, while the k-co 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 3D periodic simulation with steady 
laminar model was considered as the most cost-effective combination. 
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The results from this paper served for the preparation of numerical model 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 wi l l explain some observed 
phenomena in Paper III and are yet to be published. 
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6.5 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 [24, 25] or enhances the combustion process [26]. 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 
P D A system was used to document droplet sizes. Note here that the 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. 

6.5.1 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 [2]. 
The camera-based SCA differed less than 1° among tested liquids, 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 um 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 w i l l be influenced in a more significant way. 
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7 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 4: 

• 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 S L to be drained into the swirl 
chamber and to f i l l the low-pressure central zone. 

• Off axial S L orifices are free of this defect, but the turn-down capability of the atomizer 
linearly decreases with increasing distance of the S L orifice from the swirl chamber 
centreline, dpc 

• 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. 

• The air-core surface waves are transferred to the discharged liquid sheet; 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 C F D 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-e 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. 

7.1 Future research 
The basic principles described within this study may found a direct use for many researchers 
and engineers who deal with the atomizer design. Nevertheless, a map of the S L orifice 
behaviour is still incomplete. The radial position of S L 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 S L configurations. These issues are to be 
found within C F D 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. 
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7.2 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 - l 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 S L 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 S L 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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8 List of symbols 
A area [mm2] Greek symbols 
b with [mm] dynamic viscosity [kg/(m-s)] 
B experimental constant [-] P density [kg/m3] 
CD discharge coefficient [-] V kinematic viscosity [m2/s] 
d diameter [m] a surface tension [kg/s2] 
D32 

Sauter mean diameter [m] 
D characteristic dimension [m] Subscripts 
Fr Froude number [-] a air-core 

8 gravitational acceleration [m/s2] c swirl chamber 
h height [m] inj injected 
ISMD Integral SMD [m] inv inviscid 
k atomizer constant [-] I liquid 
ki atomizer constant as defined in [84] [-] 0 exit orifice 
in mass flow rate [kg/s] P inlet port 

P pressure [MPa] pc pitch circle 

Q volumetric flow rate [m3/s] r reduced 
r radius [mm] s spill-line 
R radial distance [mm] theor theoretical 
Re Reynolds number [-] 
SCA spray cone angle [deg] Abbreviations 
SFR Spill-to-Feed ratio [-] CFD Computational fluid dynamics 
So Swirl number [-] L D A Laser Doppler Anemometry 
u axial velocity[m/s] LES Large Eddy Simulation 

V velocity [m/s] PDA Phase Doppler Anemometry 
w swirl velocity [m/s] PS Pressure-swirl 
We Weber number [-] R S M Reynolds stress model 

SD Standard Deviation 
SL Spill-line 
SR Spill-return 
VOF Volume of Fluid 
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A B S T R A C T 

Spill-return (SR) atomizers enhance the construction of Simplex atomizers by addition of a passage in the 
rear wall of the swirl chamber through which the liquid can be spilled away. It allows to discharge the 
liquid always at a high pressure and to spray well over a wide flow rate range. The spray characteristics 
of pressure-swirl atomizers are strongly linked to the internal flow, and the air-core dynamics affect the 
spray stability. The SR atomizers are rarely investigated and their internal flow is not studied at all. 
Therefore, in this paper, the Simplex and SR atomizers with a central SR orifice were examined compar
atively. 

Transparent polymethyl methacrylate (PMMA) models of both atomizers scaled 10:1 were manufac
tured for the visualization and velocity measurements of the flow inside the swirl chamber. The atomiz
ers were examined by means of high-speed imaging, laser-Doppler anemometry and computational fluid 
dynamics tools. The experimental and numerical results were analysed and compared in terms of the 
spray cone angle (SCA), discharge coefficient (CD), and the morphology and temporal stability of the air 
core. The internal flow characteristics between the original and the model atomizer were matched using 
the Reynolds, Swirl and Froude numbers. The test conditions were limited to inlet Reynolds numbers 
from 750 to 1750. 

The results show that the addition of the spill passage strongly affects the internal flow even when the 
spill-line is closed. The air core in the Simplex atomizer is fully developed and stable for all flow regimes. 
The SR atomizer behaves differently; with the closed spill-line (spill-to-feed ratio, SFR = 0), the air core 
does not form at all; therefore, the spray is unstable. The reason is that the liquid, contained in the 
spill-line, is drained back into the swirl chamber due to a recirculation zone found inside the spill-line. 
Increasing the SFR stabilizes the internal flow, and the spray becomes stable if SFR > 0.15. The air core 
begins to form for SFR > 0.4. The results suggest that the axially positioned spill orifice is inappropriate 
and its placing off-axis would improve the spray stability. The results of the 2D numerical simulation 
matched closely with the experiments in terms of SCA, C D , velocity profiles, and air core morphology 
which proved its prediction capabilities. 

© 2018 Elsevier Ltd. A l l rights reserved. 

1. Introduction 

Pressure-swir l (PS) a tomizers are used i n m a n y appl icat ions 
where a large surface area of droplets is needed, or a surface mus t 
be coated w i t h a l iqu id , e.g. combus t ion , fire suspension or air con
d i t ion ing . PS a tomizers are easy to manufacture, rel iable and pro
vide a good a tomiza t ion qual i ty . They convert the pressure 
energy of the p u m p e d l i qu id into k inet ic and surface energy of 

* Corresponding author. 
E-mail address: milan.maly@vutbr.cz (M. Maly). 

https://doi.Org/10.1016/j.ijheatmasstransfer.2018.02.090 
0017-9310/O 2018 Elsevier Ltd. All rights reserved. 

the resul t ing droplets. The l i qu id is injected v i a tangential ports 
into a s w i r l chamber where it gains a s w i r l m o t i o n under w h i c h 
it leaves the exit orifice as a conica l l i qu id sheet. The centrifugal 
m o t i o n of the s w i r l i n g l i qu id creates a low-pressure zone i n the 
centre of the s w i r l chamber and generates an air core a long the 
centreline. The f low inside the a tomizer is rather complex ; i t is 
two-phase w i t h secondary f low effects. There is a strong l ink 
be tween in ternal f low condi t ions and the resul t ing spray charac
teristics. However , not a l l aspects of the in ternal f low are w e l l 
understood. A drawback of the S imp lex a tomizer is that the droplet 
size depends o n the inlet pressure, hence o n the l i qu id f low rate. 

http://www.elsevier.com/locate/ijhmt
mailto:milan.maly@vutbr.cz
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Nomenclature 

A area [mm 2 ] 
b w i d t h [mm] 
cD 

discharge coefficient [-] 
d diameter [m] 

f frequency [-] 

g gravitational acceleration [m/s 2 ] 
k atomizer constant [-] 
Kel correction factor [-] 
Fi Froude number [-] 
ll height [mm] 
m mass flow rate [kg/s] 
ni refractive index of P M M A [-] 
n2 refractive index of the l iquid [-] 

Q volumetr ic flow rate [-] 
r radial distance [mm] 
R radius of the swir l chamber at the measurement plane 

[mm] 
Re Reynolds number [-] 
SCA spray cone angle [deg] 
SFR Spill- to-Feed ratio [-] 

S, v i r tual distance of the measurement vo lume from the 
atomizer w a l l [mm] 

S2 real distance of the measurement vo lume from the 
atomizer w a l l [mm] 

S 0 Swi r l number [-] 
w veloci ty [m/s] 

Greek characters 
Ap pressure drop at the nozzle [MPa] 
ji dynamic viscosity [kg/(ms)] 
p density [kg/m 3 ] 
v kinematic viscosi ty [m 2 /s] 
a l iquid/gas surface tension [kg/s 2] 

Subscripts and superscripts 
I a tomized l iquid 
o exit orifice 
s swi r l chamber 
p inlet port 
a a ir core 

The f low rate varies as the square root of the inject ion pressure. 
Thus, doub l ing the f low rate demands a fourfold increase i n injec
t ion pressure, w h i c h means that the range of appl icable f low rates 
is l i m i t e d and thus the t u r n - d o w n ratio (defined as the ratio of 
m a x i m u m l i qu id f low rate to m i n i m u m l i qu id f low rate), w h i c h 
satisfies the requirement of a tomiza t ion quali ty, is usual ly l o w 
[1], This disadvantage can be e l imina ted us ing a Spi l l - re turn (SR) 
a tomizer w h i c h is bas ical ly a S imp lex type w i t h a passage added 
i n the rear w a l l of the s w i r l chamber, see Fig. 1. W h e n the s p i l l -
l ine is closed, the a tomizer operates as a standard S imp lex type. 
W h e n a l o w inject ion f low rate is required, the l i q u i d is spi l led 
away th rough the sp i l l orifice w h i l e the inlet pressure and the swi r l 
m o m e n t u m keep high, and the a tomiza t ion qua l i ty remains such 
as previously. However , an increase i n sp i l led f low rate causes a 
reduct ion i n the ax ia l m o m e n t u m of the discharged l i q u i d ; this 
consequent ly leads to a change i n the spray cone angle (SCA), as 

the SCA is de te rmined by the ratio of the s w i r l m o m e n t u m to the 
axial m o m e n t u m . Other drawbacks are the requirement for 
increased p u m p power and compl ica ted f low meter ing. For these 
reasons, the interest i n SR atomizers for aircraft combustors has 
decl ined. However , i f the aromat ic content of gas turbine fuels 
rises, a g u m format ion i n the sma l l s ized a tomizers cou ld pose seri
ous problems i n terms of the a tomizer blockage [2,3], The SR 
atomizers are v i r tua l ly free of this defect as they have no sma l l pas
sages. Beside the aircraft combustors , the SR atomizers we re used 
i n stat ionary gas turbines [4] and indust r ia l burners [5]. Also , the 
above-ment ioned advantages o f SR atomizers are cruc ia l for spe
cial appl icat ions that require a fine spray at very l o w f low rate, 
e.g. decon tamina t ion devices [6], or for a tomiza t ion of waste fuels 
and l iquids con ta in ing impur i t i es where large d imens ions of f low 
cross-sections are necessary to prevent the a tomizer from clogging, 
or for appl icat ions where pneumat ic a tomizers are not a l lowed 

Fig. 1. A sketch of the original SR atomizer with the main dimensions in millimetres. The Simplex atomizer has the same geometry and size, but the spill-line orifice is 
missing. The transparent atomizer has the same shape, and all dimensions are 10 times larger. 
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w h i l e a w i d e regulat ion range is required. The s tudied SR a tomizer 
is o r ig ina l ly used i n a combus t ion chamber of a commerc i a l l y pro
duced sma l l turbojet aircraft engine. 

Before the advent of computa t iona l f luid dynamics (CFD), a 
number of authors a t tempted to describe the internal f low of S i m 
plex a tomizer by re la t ively s imple analy t ica l approaches. One of 
the first was presented by Taylor [7] w h o focused o n an inv i sc id 
analysis us ing Bernoul l i ' s equa t ion and the p r inc ip le of m a x i m a l 
flow. Taylor der ived an equat ion for the discharge coefficient (C D ) 
and the SCA solely dependent o n the a tomizer constant k = 2AP\ 
(nd0ds), where Ap is the total area o f the inlet ports, d0 and ds are 
defined i n Fig. 1. S imi l a r results we re found independent ly by other 
authors, and these works have been compared and rev iewed by 
C h i n n [8,9]. Results obta ined by the inv i sc id theory are not gener
al ly i n good agreement w i t h experiments . However , the inv i sc id 
theory findings may be used as a basis for design improvements . 

The exper imenta l correlat ions for CD were found to be more 
complex than the inv i sc id theory predicted. R izk and Lefebvre 
[10] der ived a semi -empi r i ca l corre la t ion where, besides the con
stant k, the ratio djd0 had a strong influence. Jones [11] found a 
weak dependence of CD o n the length o f the s w i r l chamber and exit 
orifice, and l i qu id viscosi ty . Ballester [12] added a dependence on 
the inlet pressure. Benjamin [13] fo l lowed the w o r k o f Jones [11] 
and found inverse trends for some parameters. W i m m e r and Brenn 
[14] theoret ical ly uncovered a re la t ively strong effect of the l iqu id 
viscosi ty o n CD, w h i c h was later exper imenta l ly conf i rmed by M a l y 
et al . [15]. 

The in ternal f low characteristics, especial ly the air core stabil i ty, 
were addressed by a few authors. Haider [16] invest igated the air 
core shape i n 21 different transparent a tomizers at var ious inlet 
mass f low rates o f water . T w o l i m i t i n g values of Reynolds number 
(Re) were conducted for the incep t ion of the air core for each ato
mizer . B e l o w the lower l imi t , the air core was not formed at a l l , 
w h i l e above the upper l imi t , it was a lways found to be stable. He 
observed that the l i m i t i n g Re decreases w i t h an increase i n d„/ds 

and a decrease i n Ap/ds. The stable air core had a cy l indr i ca l shape, 
and for large Re values, it was a lmost constant i n diameter . For Re 
close to the l i m i t i n g value, the d iameter of the air core increased 
sharply w i t h increasing Re. A s imi la r concept of l i m i t i n g values of 
Re was in t roduced by Lee et al . [17], In this exper imenta l work , a 
transparent a tomizer w i t h diesel and kerosene was used over a 
range of inlet pressures and temperatures. They deduced that the 
air core s tabi l i ty was a funct ion of Re related to the exi t orifice, 
Re0. It was stable for Re0 > 3300; at l ower values it became unstable 
un t i l for Re0 b e l o w 2400, where there was no air core at a l l due to 
insufficient centrifugal forces, and the spray fluctuated strongly. 
K i m et al . [18] invest igated the influence of d iameter and length 
of the s w i r l chamber o n the air core stabil i ty. A tomize r s w i t h a 
ratio o f the s w i r l chamber height to its diameter, hs/ds, h igher than 
1.27 demonstra ted an unstable air core. The authors [18] descr ibed 
the unstable air core as hav ing a rota t ing and double hel ica l struc
ture. M o o n [19] found a l i m i t i n g value of the s w i r l number S0 = 0.6, 
w h i c h ensured a stable air core. The same l i m i t i n g value of S0 was 
also proposed by Park [20] for s w i r l i n g jets. 

SR atomizers have rarely been studied, and thei r internal f low 
has not been documented so far to the best o f our knowledge. 
Especial ly the effect of the sp i l l orifice arrangement o n the internal 
f low is not at a l l clear. The l i qu id sp i l l can be real ized by a single 
axia l orifice, by several off-axis orifices, or by an annular slot 
[21], The s imples t designs use a single, ax ia l ly placed sp i l l orifice 
but the difficulties w i t h spray s tabi l i ty we re reported [21-23] , 
especial ly under operat ing regimes w i t h a c losed sp i l l - l ine . 

The former approaches to s tudy the in ternal f low were mos t ly 
exper imenta l [24,25] and analyt ica l [8,9,26], The appl ica t ion of 
CFD has greatly s impl i f ied a tomizer design process due to increase 
i n compu t ing performance i n recent years. In 1997, Y u l e and C h i n n 
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[27] conducted one of the first numer ica l studies us ing a 2D s i m u 
lat ion. They assumed a l aminar f low even for Re = 50,000; an inter
nal air-core was captured by the V o l u m e of F lu id (VOF) method. 
They reported the difference be tween numer ica l calculat ions and 
the exper iment to be less than 3%. S imi l a r l y a 2D l amina r setup 
was used by A m i n i [28] and M a n d a l [29]; bo th authors reported 
a close ma tch w i t h exper imenta l data. S u m m e r [30] compared 
2D and 3D s imula t ions w i t h a l aminar so lu t ion and found on ly 
sma l l differences be tween them. M a d s e n [31] tested l aminar and 
turbulent k-e models together w i t h a Large Eddy S imula t ion 
(LES). The turbulent m o d e l overes t imated the turbulent v iscosi ty ; 
the air-core was not formed at a l l . The l aminar mode l was compa
rable to the LES predict ions. Var ious models to capture the l i q u i d -
air interface were invest igated by Baharanchi [32]. A geometr ical 
reconstruct ion scheme was found to be an op t ima l method for cap
tu r ing the air core. W h i l e there are some papers p rov id ing CFD 
s imula t ions of S imp lex atomizers, no numer ica l s imula t ions of SR 
a tomizer were found. 

Due to the lack of pub l i shed results o n SR a tomiza t ion , the pre
sent s tudy a ims to investigate the internal f low of SR a tomizer 
exper imenta l ly and numer ica l ly . Firstly, the s tudy examines the 
poss ib i l i ty to predict the a tomizer characterist ics such as CD and 
SCA, and the ve loc i ty field i n the s w i r l chamber, us ing a relat ively 
s imple 2D s imula t ion . The m a i n focus is to elucidate the effect o f 
the central sp i l l orifice o n the spray fluctuations as reported in 
our previous w o r k s [22,33], and to de termine thei r source. Further
more, the in ternal f low characterist ics are compared w i t h a S i m 
plex a tomizer . 

2. Atomizer geometries and liquid properties 

The exper iments we re performed us ing both S imp lex and SR 
a tomizer designs. In order to examine the in ternal flow, the 
atomizers were manufactured as transparent copies. Due to the 
sma l l d imens ions of the or ig ina l a tomizers (see Fig. 1), it was 
imposs ib le to manufacture t h e m and to examine thei r flows 
direct ly. To solve this issue, the transparent vers ions were designed 
as ten t imes scaled copies. The scaled a tomizers have a modula r 
const ruct ion (Fig. 2, right). The assembly consists of three parts, 
each made f rom P M M A The b o t t o m part contains the s w i r l c h a m 
ber w i t h the exi t orifice, the central one forms the tangent ial inlet 
ports, w h i l e the top part is a p l a i n w a l l , i n the case of S imp lex ato
m i z e r or, it contains the axia l sp i l l orifice i n the case of the SR ato
mizer . This modu la r cons t ruc t ion a l lows for each part to be 
replaced by another one of a different geometry or shape. The sur
faces of each part were g round and pol i shed to achieve the trans
parency sufficient for opt ica l access. 

Due to the ten t imes mode l scale, it is necessary to ma tch the 
f low of the or ig ina l and scaled a tomizers so the relevant d i m e n -
sionless numbers must be considered. Re is defined as the ratio 
of iner t ia l force to the viscous force. In the case of the s w i r l a tomi 
zer, the most c o m m o n def in i t ion of Re is related to the inlet ports 
[34] as: 

Re = wpdp/v, (1) 

where wp is the mean veloci ty in the inlet ports, calculated as a v o l 
umetr ic f low rate d iv ided by the total cross-section of inlet ports, v 
is the l i qu id k inemat ic viscosity, and dp is the hydraul ic diameter of 
the inlet ports: 

dp=2hpbp/(hp + bp), (2) 

for the dimensions, see Fig. 1. The S w i r l number S0 is useful to 
determine the ratio of the angular m o m e n t u m to the axial m o m e n 
tum. It can be calculated as a function of the internal geometry [34]: 

S 0 = nRr0/Ap, (3) 



808 M. Maly et al./International Journal of Heat and Mass Transfer 123 (2018) 805-814 

l^jI) ; (6)1 t irti 
T O ^ ^ H ^ . v I I 

(2) (3) g a 

Fig. 2. Left: Schematic layout of liquid supply. Right: A Schematic of the scaled transparent atomizer. 

where R is the radius of flow entry to the swi r l chamber and Ap is 
the total cross-section of the inlet ports. It is obvious that the swi r l 
numbers for the or ig inal and scaled atomizers are identical . The 
Froude number (Fr) shows the effect of gravity i n compar ison w i t h 
the energy of the bu lk flow and is calculated as: 

2n(rj-rja)^g' " 

where Q is the vo lume flow rate and roa is the radius of the air core 
in the exit orifice. To m i n i m i z e the effect of gravity, it is necessary to 
keep F r » 1, as in the case of the or ig inal atomizer . The Fr for the 
lowest pressure used was 6.9, thus the effect of gravity was smal l . 
Spray related dimensionless numbers, such as Webe r number and 
Ohnesorge number differ between the or ig inal and scaled atomizers 
by an order of magnitude; so, the spray parameters were not inves
tigated, except for the SCA close to the exit orifice. 

Table 1 lists the exper imenta l flow regimes w i t h their d i m e n 
sionless numbers . The operat ing regimes were der ived from those 
used i n the previous study [22]. The m a i n cont ro l parameters were 
the inlet pressures of the or ig ina l S imp lex and SR atomizers . The Re 
was consequent ly calculated from measured mass flow rates. The 
SR a tomizer was evaluated w i t h bo th the closed sp i l l - l ine to s i m u 
late the m a x i m u m inject ion rate and var ious spi l l - to-feed (SFR) 
regimes. Kerosene-type Jet A - l representing the c o m m o n l y used 
fuel was used i n bo th the or ig ina l and mode l l ed atomizer . H o w 
ever, the refractive index of kerosene differs f rom the refractive 
index o f the P M M A by about 0.05 at 660 n m wave leng th at 25 °C 
w h i c h disturbs the opt ica l measurement close to the internal sur
faces o f the transparent mode l . A l i qu id w i t h a refractive index very 
close to the P M M A should be used to reduce the opt ica l distort ions. 
For this purpose, several different l iquids and mixtures were 

evaluated to de termine the most suitable one. Based o n this, Para-
cymene (p-cymene or l -Methy l -4 - (p ropan-2-y l )benzene) was cho
sen. It is a colourless, t ransparent organic c o m p o u n d w i t h a 
refractive index different f rom Plexiglas by less than 0.001 at 
660 n m wave leng th and at 25 °C. It also has a relat ively l o w 
aggressiveness to P M M A ; however, after a few hours of measure
ment, it caused cracks i n those parts where increased internal 
stresses may be ant icipated, i.e. i n the v i c in i t y o f bolts and threads; 
thus, it was on ly used for high-speed imaging. The phys ica l prop
erties of Jet A - l are a = 0.029 kg/s 2 , ßt = 0.0016 kg / (ms) , 
pi = 795 k g / m 3 and p-cymene: a = 0.028 kg/s 2 , ßi = 8 x 1 0 ~ 4 kg/(ms) , 
Pi = 850 k g / m 3 . 

T w o s imi la r ly designed test benches were used for test ing of 
both the or ig ina l and scaled atomizers , see Fig. 2. The test l iquids 
were suppl ied to the a tomizer (8) f rom a fuel tank (1) v i a a filter 
(2) by a gear p u m p or a centrifugal p u m p (3) for the or ig ina l and 
the scaled a tomizer respectively. The mass flow was control led 
by va ry ing the p u m p speed. The fuel flowing th rough the inlet l ine 
was metered by the Cor io l i s mass flow meter Mass 2100 Di3 fitted 
w i t h the Mass 6000 t ransmit ter (Siemens A G , GE) (4) w i t h an accu
racy ±0 .1% of the actual f low rate. Static inlet over-pressure was 
measured by a piezo-resis t ive pressure sensor D M P 331 i (BD S E N 
SORS s.r.o., CZ) (7). The uncer ta in ty i n pressure sensing was 0.05 
kPa and 2 kPa for the scaled and the or ig ina l a tomizer respectively 
as different sensors were used i n each case. The inlet l ine was also 
equipped w i t h a temperature sensor PR-13 made by O M E G A Engi 
neering, INC., U S A w i t h an error o f 0.2 °C. The sp i l l - l ine used a 
piezo-resist ive pressure sensor D M P 331 i (BD SENSORS s.r.o., CZ) 
(9), a ba l l va lve (11) and a posi t ive displacement f low meter 
K O B O L D D O M - S 0 5 w i t h ±1% accuracy of the actual flow rate 
(KOBOLD Mess r ing G m b H , GE) (10). The calculated uncer ta in ty o f 
C D at Re= 1021 was 0.14% and 0.25% for the or ig ina l and scaled 

Table 1 
Operating flow regimes, kerosene, SB = 3.87. 

Original atomizer Scaled atomizer 

Re Ap m, CD 
Fr Ap m, Co Fr 

[-1 [MPa] [kg/h] [-1 [-1 [kPa] [kg/h] [-1 [-1 
Simplex 755 0.5 5.4 0.387 137 5 53.8 0.378 6.9 
Simplex 1021 1 7.3 0.369 293 10 73.1 0.366 9.3 
Simplex 1252 1.5 9.0 0.365 359 15 88.2 0.362 11.4 
SR, SFR 0.0 1075 0.5 7.7 0.542 308 5 69.4 0.483 9.8 
SR, SFR 0.0 1431 1 10.3 0.519 411 10 93.4 0.466 13.0 
SR, SFR 0.0 1731 1.5 12.4 0.510 497 15 110.0 0.454 15.7 
SR, SFR 0.4 1676 1 12.0 0.378 481 10 103.9 0.261 15.0 
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Simplex a tomizer respectively. The a tomized l i q u i d was captured 
into a co l lec t ion chamber and routed back into the fuel tank. Fuel 
mis t and vapours were vent i la ted out by a fan. The a tomizer was 
moun ted to a C N C pos i t ion ing sys tem w i t h a pos i t ional error less 
than 0.1 m m . 

3. Experimental and numerical setups 

F o l l o w i n g subchapters document the setups of the expe r imen
tal approach us ing a high-speed camera and laser-Doppler 
anemomet ry (LDA) and the CFD s imulat ions . 

3.!. Experimental setup 

The exper iments were performed o n the co ld test bench at 
r o o m temperature. A Phot ron S A - Z high-speed camera was used 
to document the spatial and tempora l behaviour of the air core. 
The a tomizer was i l l umina ted by a background light us ing a LED 
panel . Three record types were prov ided at each operat ing regime; 
the first was a general image s h o w i n g the w h o l e a tomizer w h i l e 
the other t w o observed the exi t orifice and the top of the swi r l 
chamber i n a close up, see Fig. 3. The camera frame rate was 
4,000 and 20,000 fps for the general image; the resolut ion was 
1024 x 1024 px, and the shutter speed was set to 20 us. The 
close-up records used a frame rate of 28,000 fps, reso lu t ion 768 
x 904 px, and a shutter t ime of 10 |j.s. M e a n and R M S images were 
calculated for each case. The air core d imens ions were captured by 
M A T L A B code based o n the Canny edge detector. The air core fluc
tuations were analysed us ing the Fast Fourier Transform (FFT) in 
the cross-sect ion b. The FFT was appl ied to the t ime-reso lved air 
core surface captured by the Canny edge detector. Ano the r FFT 
was used o n the average p ixe l intensit ies over a rectangle 3 x 3 
px placed near the air core boundary to verify the previous FFT 
approach. The air core d imens ions were measured at three cross-
sections (a, b and c) over the s w i r l chamber and one cross-
sect ion at the t ip of the exi t orifice. 

The LDA, a F lowExplore r (Dantec Dynamics A/S , Skovlunde, DK), 
was e m p l o y e d for the po in t -wise measurement of the veloci ty of 
i nd iv idua l particles inside the transparent a tomizer . The swi r l 
ve loci ty componen t was measured i n three cross-sections across 
the s w i r l chamber (see Fig. 3). The ax ia l distances from the top of 
the s w i r l chamber were 2.5, 8 and 13 m m for cross-sections a, b 
and c respectively, and 50, 38 and 25 measurement points were 
taken o n each cross-section. The distance be tween t w o sur round
ing points was 0.25 m m . The L D A was configured i n the backseat-

Fig. 3. High-speed visualization, p-cymene, 1 MPa, Simplex, cross-section a, b and c 
placed 2.5, 8 and 13 mm from the top of the swirl chamber. 
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ter mode. A bu i l t - in , d iode -pumped solid-state laser generated a 
beam w i t h wave leng th of 660 n m . The b e a m was spli t into t w o 
paral le l beams w i t h the power of 30 m W each. One of the beams 
was shifted by 80 M H z . A converging t ransmi t t ing/ rece iv ing lens 
w i t h focal length of 150 m m was used to form an e l l ipso ida l mea
surement v o l u m e w i t h the size o f app. 0.1 x 0.1 x 0.8 m m . Dantec 
BSA P80 signal processor was used to process the measured signal . 
BSA f low software v5.20 was used to cont ro l the data acquis i t ion 
and the fo l lowing set t ing was used: Pho tomul t ip l i e r sensi t ivi ty 
700 V, s ignal gain 20 dB, ve loc i ty centre 2.4 m/s, ve loc i ty span 
4.8 m/s. The measurement was l i m i t e d to 10,000 samples acquired 
or a 10-s acquis i t ion dura t ion at each measured point . A repeata
b i l i t y error based o n three consequent measurements was less 
than 4%. The measur ing v o l u m e pos i t ion relative to the L D A pos i 
t ion ing sys tem had to be corrected due to the different refractive 
index of the a tomizer body and the l i qu id as [35]: 

where S; is the v i r tua l distance of the measurement vo lume from 
the a tomizer w a l l , S2 is the real distance of the measurement v o l 
ume, R is the diameter of the s w i r l chamber at the measurement 
plane, ri; and n2 are the refractive indices of P M M A and kerosene, 
respectively. The measured veloci ty was mul t ip l i ed by a correct ion 
coefficient k v e / based on the s impl i f ied approach from [35] as: 

The correct ion factor reached the m a x i m u m o f 1.04 for kero
sene at the a tomizer axis. In posi t ions close to the air-core, the 
r a w veloci ty data were fil tered since a s trong noise was generated 
by the reflection f rom the air core surface. The f i l t rat ion process 
seeks for the Gauss ian d i s t r ibu t ion i n the ve loc i ty his togram, and 
the mean ve loc i ty was calculated on ly from the data w h i c h satis
fied the Gauss ian d is t r ibut ion . 

The f low tracer particles were SL75 e-spheres w i t h a mean 
diameter of 45 urn. Their Stokes number, based o n the s w i r l veloc
i ty and d iameter of the s w i r l chamber, was less than 0.01 for each 
regime, w h i c h ensured a sufficiently sma l l f low t raceabi l i ty error. 

3.2. Numerical setup 

Conservat ion of mass (cont inui ty) and conservat ion of m o m e n 
t u m (Navier-Stokes) equations were solved numer ica l ly us ing 
Ansys Fluent 17.2. The f low s imula t ion was conducted us ing a 
transient 2D ax i symmet r i c mode l . A V O F m o d e l w i t h the geo-
reconstruct scheme was used to capture the boundary o f the air 
core. The 3D inlet boundary cond i t ion was set to conserve the mass 
f low rate i n the radial d i rec t ion and ensure the same angular 
m o m e n t u m i n the tangent ial d i rect ion. The pressure outlet bound
ary cond i t ion was app l ied o n the outer boundaries w i t h no-s l ip 
condi t ions app l ied o n the w a l l boundaries . A laminar f low was 
assumed due to the l o w Re values inside the inlet ports, and also 
because the radial forces of the s w i r l ins ide the s w i r l chamber tend 
to laminar ise the f low [34]. The s imula t ions were performed for 
both the or ig ina l and scaled atomizers . The SR a tomizer was s i m u 
lated inc lud ing a 4 - m m long part of the sp i l l - l ine geometry (see 
Fig. 10 i n Sect ion 4.3). The sp i l l f low i n the regime w i t h SFR= 0.4 
was set as a negative l i qu id source across the entire sp i l l - l ine . It 
was not possible to set the pressure boundary cond i t ion to the 
sp i l l - l ine w a l l as the so lu t ion was very unstable. 

The a l l quad s tructured mesh w i t h an average skewness o f 
0.058 and an average aspect ratio of 1.18 was created (Fig. 4); 
the mesh independence test was carr ied out for four different ele
ment base sizes i n terms of C D , SCA and the air core d iameter (da) at 
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Fig. 4. Left: Numerical domain and its mesh. Right: Typical results obtained with the wavy surface of the air core, phase distribution: 1 = air, 0 = liquid. 

Table 2 
Mesh independence test. 

Number of elements djd0 [-] SCA [deg] 

11,684 0.392 0.655 58 
22,669 0.365 0.707 58 
46,765 0.358 0.710 57 
68,610a 0.359 0.710 57 
90,684 0.356 0.711 56 

a The base size of the elements was the same as in the case of 46,765 elements. 
The outflow area was four times larger. 

the end of the exi t orifice (d 0 ) i n a d imensionless fo rm as djd0 (see 
Table 2). There was a significant difference be tween the meshes of 
11,684 and 22,669 elements. This difference decreased w i t h fur
ther increase i n the number of elements, and the mesh of 46,765 
elements was chosen as a good compromise be tween the accuracy 
and the ca lcula t ion speed. T w o sizes of an out f low area, w h i c h is an 
art if icial area downs t r eam of the a tomizer outlet, were also tested. 
A ca lcula t ion of four t imes larger out f low area revealed the same 
results as the or ig ina l one, see the results for meshes w i t h 
68,610 and 46,765 elements. 

4. Results and discussion 

The air core shape and s tabi l i ty play a key role i n the formation 
of the l i q u i d sheet at the discharge orifice. A descr ip t ion of the air 
core dynamics is based o n high-speed image records and n u m e r i 
cal s imulat ions . The discharge parameters are discussed i n terms of 
CD and SCA. The measured s w i r l ve loc i ty profiles served for conse
quent va l ida t ion of the numer ica l s imulat ions . 

4.1. Air core shape and spray cone angle 

In a compara t ive manner, the high-speed records w i t h bo th ker
osene and p -cymene as the w o r k i n g l i q u i d are s h o w n i n Fig. 5. For 
the kerosene image, there are darker regions towards the edge of 
the s w i r l chamber. These are caused by l ight refraction at the swi r l 
chamber w a l l . It is not evident i n the a tomizer centre due to the 
sma l l relative curvature there. This issue is solved us ing the l i qu id 
w i t h the same refractive index as the a tomizer body w h i c h can be 
seen for the results of p-cymene. 

The air core was found ful ly developed i n the case o f the S i m 
plex atomizer . It was cy l ind r i ca l ly shaped and increased i n its 
d iameter inside the exi t orifice; such behaviour was also described 
by other authors [16,17,28], The d imensionless d iameter of the air 
core i n the exi t orifice was djd0 = 0.72 ± 0.02 for a l l the inlet pres
sures and bo th l iquids w i t h no evident correlat ions to Re. Inside the 
s w i r l chamber, djd0 = 0.47 ± 0.03 and it was also a lmost indepen

dent o f Re. Both findings are i n accordance w i t h other authors 
[16,36,37] w h o reported the independent air core size for h igh Re 
regimes, w h i l e Haider and S o m [16] found a s l ight ly increasing 
air core d iameter w i t h Re. Instabilities, i n the form of air core fluc
tuations, bo th i n the ax ia l and radial d i rec t ion (Fig. 6), were 
observed at the top of the s w i r l chamber. These fluctuations are 
l inked w i t h the w a v y structure o n the air core surface. The fre
quency of the surface waves / = 3 2 ± 4 H z was es t imated us ing 
the FFT analysis of images for the S imp lex a tomizer w i t h p -
cymene at Re= 1021. A s imi la r analysis was reported by Sumer 
et al . [30] w h o used a s imi l a r ly s ized atomizer , but w i t h the ve loc
i ty i n the inlet ports approx imate ly ten t imes higher; they found 
wave frequencies o f / = 273 Hz. C h i n n et al . [38] s tudied the surface 
waves o n the air core and descr ibed three dis t inct ive types of sur
face waves: hel ica l striations, s tat ionary waves and r a n d o m r ip
ples. They noted that the stat ionary waves were responsible for 
changes i n the l i qu id sheet thickness. The same phenomenon 
was also evident i n our records. The hel ica l striations, w h i c h are 
caused by the finite number of the inlet ports, were not observed 
here. 

The s i tuat ion changed dramat ica l ly w h e n the SR a tomizer was 
used. The air core was no longer present i n the s w i r l chamber, 
and the spray become unstable, even for the highest Re values. 
On ly fragments of the core are v is ib le inside the exi t orifice (see 
Fig. 7). The air core was unstable and s t rongly f luctuating and it 
even occas ional ly disappeared. The SCA was f luctuat ing be tween 
49 and 88 deg w i t h a frequency i n the range of 1 0 - 2 0 H z w i t h no 
evident corre la t ion to the air core behaviour . This was observed 
for a l l the regimes w i t h the sp i l l - l ine closed. 

W i t h increasing sp i l led f low rate, the s w i r l i n g m o m e n t u m 
increases w i t h respect to the axia l m o m e n t u m , and the f low char
acter changes. The standard mean devia t ion of SCA featured a high 
value up to spi l l - to-feed ratio (SFR) 0.15 as s h o w n i n Fig. 8, w h i c h 
corresponds to s trong fluctuations. W i t h further increase i n SFR, 
the fluctuations reduced, and the SCA correlates w i t h SFR as SCA 
= 62.1 + 23.8 x S F R 1 5 (see the corre la t ion l ine i n Fig. 8). However , 
at h igh SFRs, whe re the inject ion f low rate was very low, the fluc
tuations o f SCA become stronger again. The air core is l i m i t e d to 
the exi t orifice even at SFR 0.4; however, for SFRs higher than 
0.15, it was stable enough not to decay. In the re la t ively na r row 
range of SFR 0.4-0.65, the air core extends into the s w i r l chamber. 
W i t h further increase i n SFR, the air core penetrated through the 
sp i l l orifice so it was not possible to make a further measurement 
of its length. It is evident that the spray s tabi l i ty is l inked to the air 
core s tabi l i ty w i t h i n the exi t orifice, but it is not necessary to pro
vide a fully developed air core across the entire s w i r l chamber 
height to ensure a stable spray. The standard mean deviat ions of 
SCA for S imp lex and SR atomizers at SFR 0.3-0.4 are approximate ly 
equal even i f the air core is not fully developed as i n the case o f SR 
atomizer. 
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Fig. 5. Simplex atomizer, Top: Kerosene, Bottom: P-cymene. From left to right: flow regime equivalent to 0.5 MPa (Re = 755), equivalent to 1 MPa (Re = 1021), equivalent to 
1.5 MPa (Re = 1252). 

Fig. 6. Simplex, p-cymene, Re = 1021, the temporal evolution of the air core tip. Right: the detail on the exit orifice. 

Fig. 7. The exit orifice in detail. SR atomizer, SFR 0, p-cymene, flow regime from left to right: equivalent to 0.5 MPa (Re = 1075), equivalent to 1 MPa (Re = 1431), equivalent to 
1.5MPa (Re= 1731). 

4.2. Velocity profile inside the swirl chamber 

The measured profiles of the s w i r l ve loc i ty (Fig. 9, left) show a 
d ispar i ty be tween the S imp lex and SR atomizers . The veloci ty pro
file for the S imp lex vers ion features a re la t ively sharp m a x i m u m 
near the air core interface, w h i c h is typ ica l for the Rankine vortex. 
The central air core behaves l ike a so l id body of the vor tex core. In 

the outer region, a potent ia l vor tex d i s t r ibu t ion can be found. Sev
eral authors publ i shed a s imi la r ve loc i ty profile [39,40]. The s w i r l 
veloci t ies are a lmost ident ica l for a l l axia l distances i n bo th the 
exper iment and s imula t ion (see Fig. 9, right). This is i n agreement 
w i t h the inv i sc id theory where the s w i r l ve loc i ty depends o n the 
inlet ve loci ty and radial distance f rom the axis o f the s w i r l c h a m 
ber out to the mid -po in t of inlet ports. 
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Fig. 8. SCA (left) and air core length (right) in dependence on SFR. 
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Fig. 9. Swirl velocity profiles from Simplex and SR atomizer; left: kerosene, cross-section b (8 mm from the top), right: comparison of numerical and experimental profiles of 
swirl velocity, kerosene, Simplex, Re = 1021. 

In contrast to the S imp lex atomizer , the SR type at s imi l a r Re 
values has no air core formed and so the a tomizer centre is filled 
w i t h the viscous l iqu id . This causes a viscous decay of the veloci ty ; 
thus the ve loc i ty m a x i m u m is lower and its peak is flatter. 

The trends i n the s w i r l ve loc i ty profiles were a lmost ident ical 
be tween exper iments and s imulat ions . The s imula t ion s l ight ly 
underest imates the ve loc i ty magni tude at the air core boundary. 
S imi la r studies were carr ied out by Hansen and M a d s e n [31,39] 
w h o conducted bo th exper imenta l and 3D computa t iona l studies 
of a large-scale PS a tomizer . Their earl ier s tudy [39] showed that 
the 3D numer ica l s imu la t ion signif icant ly underes t imated the 
s w i r l ve loc i ty magni tude. In their fo l lowing w o r k [31 ], the numer
ica l g r id was modi f ied and the inlet tangential ports we re proper ly 
model led , w h i c h reduced the differences be tween the exper imen
tal and numer ica l ve loc i ty magni tude. This is i n contrast to our 
case where the s imple 2D s imula t ion was able to c losely predict 
the s w i r l ve loci ty even i f the inlet ports we re subst i tuted by an 
annular slot. 

The numer ica l s imu la t ion reveals some secondary f low effects 
i n the s w i r l chamber. Gor t le r vort ices can be seen i n the near-
w a l l region for both the S implex and SR atomizers (see the path 
lines i n Fig. 10). A s imi la r behaviour was descr ibed i n [41]. 

4.3. Discharge characteristics 

Both the or ig ina l and scaled S implex a tomizers have v i r tua l ly 
the same CD (see Table 1). This is expected as they have the same 

a tomizer constant k, operat ing l iqu id , and Re. However , the SR ver
s ion shows some dispar i ty be tween the or ig ina l and scaled a tomi 
zer i n the Q> The scaled a tomizer featured a noticeably smal ler CD. 
This behaviour was at t r ibuted to the d iameter of the out f low area 
beh ind the sp i l l orifice, w h i c h was not s ized propor t iona l ly i n the 
transparent m o d e l according to the or ig ina l a tomizer . 

The numer ica l results of S imp lex atomizer , w h e n compared 
w i t h the exper iments i n terms of global characterist ics ( C D and 
SCAJ, give a very good agreement (Table 3). The most significant 
difference was found i n the case of l o w Re values where the 
numer ica l so lu t ion overest imated the CD by 5%. A n increase in 
Re results i n a sl ight decrease i n CD for both the exper imenta l 
and numer ica l solutions. The results based o n the inv i sc id theory 
are dependent on ly o n the a tomizer geometry and were ca lcu
lated i n accordance to C h i n n [8,9]. The CD was underes t imated 
by about 15%, and the SCA was overes t imated by about 35-65% 
depending o n the equa t ion used. These results can be expected 
as observed i n the real viscous f low; the fr ict ion forces cause a 
decrease i n angular m o m e n t u m . Due to this, the air-core is sma l 
ler i n diameter, w h i c h causes an increase i n f low cross-sect ion 
over the exi t orifice, and thus the CD is increased. S imi la r ly , the 
SCA is smal ler as the angular m o m e n t u m is decreased. Rizk 
and Lefebvre [10] publ i shed modi f ied correlat ions for CD and 
SCA w h i c h show a fair agreement w i t h our exper imenta l and 
numer ica l results (see Table 3). However , they d i d not consider 
the effect of Re i n their correlat ion. 
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Fig. 10. Spill A and Spill B: Mean phase distributions and path lines, different spill-line geometry. Bottom: a detail of the spill-line: left: pressure field, right: 2D velocity 
vector field (vector count reduced 50 times). 

Table 3 
Comparison of numerical and experimental results of the Simplex atomizer. 

Re = 755 Re= 1021 Re =1252 

Inviscid [8,9] Rizk [10] Num. Exp. Num. Exp. Num. Exp. Inviscid [8,9] Rizk [10] 

Col-] 0.410 0.387 0.359 0.369 0.366 0.365 0.312 0.359 
SCA [deg] 56.7 58.6 58 59.5 58.7 60.3 80-100 51.6a 

djd0 [-] 0.62 0.70 0.71 0.71 0.71 0.71 0.7-0.8 -
a Re = 1021. 

In a l l the numer ica l s imula t ions o f the S imp lex atomizers, 
the w a v y interface be tween the l i qu id and gas phases was 
unsteady, see Fig. 4, right. The frequency of the surface wave 
i n the centre of the s w i r l chamber was, i n the case o f p -
cymene, for Re =1021 , app. 25 ± 4 Hz, w h i c h agrees w e l l w i t h 
/ = 32 ± 4 H z i n the exper iment . However , the fluctuations of 
the air core t ip were overes t imated i n the s imula t ion as the 
air core was per iodical ly de taching f rom the rear w a l l o f the 
s w i r l chamber (see Fig. 4). 

The unstable behaviour of the SR a tomizer was captured w e l l by 
the s imula t ion . The air core was l i m i t e d to the exit orifice area i n a 
s imi la r w a y to the exper iments (see Fig. 10 and Table 4). However , 
the d i m e n s i o n o f the sp i l l - l ine ou t f low area affected the numer ica l 
results. A larger ou t f low area, as s h o w n i n Fig. 10, increased the 
instabil i t ies of the air core and CD. This is i n agreement w i t h Table 1 
where the or ig ina l a tomizer had a re la t ively large sp i l l ou t f low area 

compared to the transparent a tomizer . The analysis of the ve loc i ty 
fields inside the sp i l l orifice (see Fig. 10) reveals a rec i rcula t ion 
zone inside the sp i l l - l ine . The l i qu id flows i n both direct ions 
thought the sp i l l orifice as it is d r a w n back into the s w i r l chamber 
due to the low-pressure regime i n the s w i r l chamber centre. This 
f low nature was also observed i n the high-speed records. The off-
axis replacement of the sp i l l orifice w i l l change the f low behaviour 
as the pressure d i s t r ibu t ion across the sp i l l orifice w i l l be un i fo rm; 
thus, the backf low w i l l be unfeasible. 

It shows that our former hypothesis, as regards to a per iodica l ly 
decaying air core as based o n the external observat ion of the or ig
ina l a tomizer spray [22], was mis leading; the air core is not formed 
at a l l . This s tudy is consistent w i t h the fact that the a tomizers w i t h 
the off-axis spi l l -or i f ice provide a stable spray under a l l regimes 
[22] and under the regimes w i t h a closed spi l l - l ine , they behave 
i n the same w a y as the S imp lex type. 

Table 4 
Comparison of numerical and experimental results of SR atomizer. 

SR,Re=1431,SFR0 SR, Re = 1676, SFR 0.4 

Exp. Num. Spill A Num. Spill B Exp. Num. Spill B 

0.519 0.448 0.460 0.378 0.342 
SCA [deg] 62.8 57.6 58.2 68 60 
djd0 [-] Decaying 0.45 Decaying 0.56 0.57 
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5. Conclusions 

The discharge and in ternal f low characteristics of S imp lex and 
SR atomizer , w i t h a central SR orifice, were examined both exper
imen ta l ly and numer ica l ly . The numer ica l results we re va l ida ted 
against the results obta ined f rom the high-speed images and 
po in t -wise L D A measurements . 

The S imp lex a tomizer featured a stable, cyl indr ica l fy shaped air 
core. Its d iameter was found independent of Re under the mea
sured range of operat ing condi t ions . 

The numer ica l s imula t ion , a s suming a l amina r flow, was able to 
closely predict the global characteristics (C D , SCA). The trends and 
magni tude i n mean s w i r l ve loci ty were bo th w e l l captured. Uns ta 
ble waves were observed o n the surface of the air core us ing h igh
speed imag ing and were also captured by the numer ica l 
s imula t ion . 

The SR a tomizer w i t h ax ia l ly placed sp i l l orifice p roduced an 
in ternal f low w i t h o u t the air core; therefore, the spray fluctuated 
strongly. A rec i rcula t ion zone was found inside the sp i l l - l ine and 
the l i qu id f low through the sp i l l orifice i n bo th direct ions. The 
veloci ty profiles showed lower and flatter peak values i n compar
ison to the S implex a tomizer at s imi la r Re values. Sp i l l orifices 
placed off-axis w i l l s tabi l ize the in ternal flow. 

This s tudy provides the p r i m a r y g roundwork for the internal 
f low analysis of SR atomizers . Further investigations inc lud ing a 
more realist ic 3D computa t iona l model , several different arrange
ments o f the sp i l l orifice and a range of SFRs w i l l fo l low. The 
numer ica l approach proved to be a s trong tool for further a tomizer 
design. 
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Many spray process technologies require variable liquid flow rates or droplet sizes. Frequently used Simplex 
atomizers, favoured for their simple construction, reliability and fine spray, have a limited regulation range due 
to their flow rate dependency on the square root of the inlet overpressure, pt. To overcome this drawback, spill-
return versions of the atomizer were developed in the past but so far rarely investigated in depth. In this paper, 
small spill-return atomizers (SRAs) were designed and investigated experimentally using Phase Doppler 
Anemometry (PDA) and high-speed imaging with the aim to determine the effect of the spill orifice design, e.g. 
the positioning of the axial and off-axis spill orifices, their number and inclination on the control characteristics, 
nozzle efficiency and spray characteristics. Such detailed data were not to be found in the open literature. 

The off-axial spill orifice version produced a stable spray under all flow regimes investigated while the axially 
positioned spill orifice provided an unstable spray for low spill-to-feed ratios (SÍR). However, the axially placed 
spill orifice was found to be more energy efficient as it required a lower spill flow rate to achieve the same 
injection flow rate. The radial position of the spill orifices affected the turndown ratio and liquid breakup nature. 
The atomizers with spill orifices placed close to the swirl chamber centreline generated a liquid sheet which 
disintegrated in short-wave breakup mode while the other atomizers demonstrated a long-wave breakup mode. 
This mode produced longer liquid breakup length and formed droplets with smaller Sauter mean diameters. 
Atomization efficiency was found to decrease linearly with SFR and almost inversely proportional to pt. These 
findings have produced practical guidelines and recommendations for atomizer designs to suit specific goals and 
are addressed to both atomizer designers and application engineers. The experimental data form a significant 
base to validate advanced numerical simulations of the SRA sprays. 

1. In t roduct ion 

Pressure-swirl atomizers are common in numerous engineering ap
plications where a large surface area of droplets is required, e.g. in 
combustion, where the atomizer design directly affects the combustion 
efficiency, flame stability and pollutant emissions. Simplex pressure-
swirl atomizers typically produce a hollow-cone spray wi th droplet 
sizes inversely proportional to the inlet overpressure, pi, hence to the 
mass flow rate. Doubling the flow rate requires fourfold increase in pb 

which means that the range of applicable flow rates is limited. This 
disadvantage can be overcome using a pressure-swirl spill-return ato
mizer (SRA). It is basically a Simplex pressure-swirl atomizer that 
contains a bypass in the rear wal l of the swir l chamber known as the 
spill-line (SL) orifice. The l iquid is injected via tangential ports into the 
swirl chamber where it is divided into two streams; one of them is 

discharged into the surroundings and atomized while the other one is 
"spilled" back to the reservoir through the SL orifice. The spilled 
amount is controlled by a regulator in the SL. The main advantage of 
this versatile system is that the l iquid is supplied to the swirl chamber at 
a constant and high pressure providing good atomization over a wide 
span of injection flow rates. This feature allows the use of SRAs in 
applications requiring a wide regulation range, such as industrial bur
ners and gas turbine combustors [1-3]. Other attractive features come 
from there being no moving components, and, since the flow passages 
are designed to handle large flow rates, there is a resistance to clogging. 
A n important operating parameter of SRAs is the ratio of spilled l iquid 
amount ms to the total flow rate through the inlet ports mp, called the 
spill-to-feed ratio: SFR = ms/mp. When SFR = 0, the atomizer is oper
ated as in the Simplex mode, while wi th increasing SFR, the injected 
flow rate decreases. 
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Nomencla tu re t l iquid sheet thickness [m] 
U axial velocity [m/s] 

A area [m 2] V relative velocity [m/s] 
b width [m] Weg gas Weber number [-] 
B empirical constant [-] Z axial distance [m] 

cc 
Cunningham correction factor [-] 

C-DS SL discharge coefficient [-] Greek characters 
d diameter [m] 

D20 
surface mean diameter [m] P pressure drop at the nozzle [Pa] 

D30 
volume mean diameter [m] dynamic viscosity [kg/(ms)] 

dpc Pitch Circle Diameter [m] P density [kg/m 3 ] 

ft data-rate [-] V kinematic viscosity [m 2 /s] 
k atomizer constant [-] a l iquid/gas surface tension [kg/s 2 ] 
h height [m] la atomization efficiency [-] 
ISMD Integral Sauter mean diameter [m] 
L distance from the breakup point to the measurement point Subscripts and superscripts 

[m] 

h breakup length [m] c swirl chamber 
m mass flow rate [kg/h] g surrounding gas 

r radial distance [m] inj injected 
Re Reynolds number [-] I atomized l iquid 
SCA spray cone angle [°] P inlet port 
SFR Spill-to-Feed ratio [-] s spill-line 

SMD Sauter mean diameter [m] 

A number of studies have focused on the improvement of the spray 
characteristics of the simplex atomizers, but only a few have in
vestigated the SRA and even fewer studies have examined the effect of 
the configuration of the SL orifices on the spray quality and stability. A 
study of SRAs by Carey [4] in 1954 discussed the optimal position of the 
SL orifice and suggested the use of off-axial orifices. It was also noted 
that the axial SL orifice might cause penetration of the internal air-core 
into the SL and consequently the air may leak into the fuel-line and 
pump. Rizk and Lefebvre [5,6] used a light scattering technique to 
measure the droplet sizes produced by three SRAs wi th different swirl 
chamber geometries and a single axially placed SL orifice at various 
inlet pressures and SFRs. The Sauter mean droplet diameter (SMD) and 
size distribution were found to be almost independent of SFR but the 
spray cone angle, SCA, widened sharply wi th increasing SFR. This be
haviour is typical for the SRA, where the axial momentum of the dis
charged l iquid reduces wi th increases in SFR, but the tangential com
ponent remains the same. Dai and Lefebvre [7] in a later study found 
increasing droplet sizes wi th SFR. Nasr et al. [8] investigated several 
different diameters for the SL orifice in terms of SMD and mass flow 
rate. Their atomizers were run wi th a fully open SL without any reg
ulation. The SFR was controlled by changing the cross-section of the SL 
orifice. They found an increase in SMD wi th SFR; i.e. similar to the 
results i n [7]. 

The internal flow of SRAs was investigated by Loefer-Mang et al. 
[9]. They used a transparent atomizer wi th a central SL orifice operated 
at relatively high Reynolds number in the range of SFR = 0-0.9. The 
air-core was found to be fully developed under a l l operating regimes 
and its diameter enlarged wi th increasing SFR. Droplet sizes in the 
spray were also measured, but the atomizer was only operated at a 
constant pumped flow rate. Thus, these results are not comparable wi th 
the other papers cited since most kept the inlet pressure constant. 

The effect of an axially placed SL orifice on the internal flow was 
recently documented by Maly et al . [10]. In contrast to [9], the axial SL 
orifice caused decay of the internal air-core in the regimes of SFR < 
0.15, and the spray fluctuated strongly. In these regimes, a recircula
tion zone was found inside the SL as the l iquid was drained back from 
the SL into the swirl chamber due to the low-pressure zone along the 
swirl chamber centreline. Khavkin [11] suggested placing the SL orifice 

at a radius rs/2, where rs is the radius of the swirl chamber. In this case, 
the amount of the spilled l iquid is proportional to the square root of the 
pressure difference between the inlet and SL, and the atomizer is ex
pected to be resistant to spray fluctuations. 

In general, there are several mechanisms which affect the droplet 
sizes which are l inked wi th the parameters of the discharged l iquid 
sheet; its thickness, relative velocity to surrounding gas and SCA [1]. 
The l iquid sheet disintegration process has been mathematically de
scribed by several authors [12-15]. Linear stability theory, based on the 
wave growth on the l iquid sheet surface, caused by aerodynamic forces, 
was mostly used. The results of these analyses show the correlations of 
the breakup length wi th sheet parameters which could serve as esti
mators of the ligament size and consequently droplet size [16]. For the 
SRA, an increase in SFR results in a wider spray cone and, also, in a 
thinner l iquid sheet at the discharge orifice since the swir l velocity 
component is high but the flow rate is low. From a simple geometric 
consideration, increasing SCA further reduces the thickness of the 
conical l iquid sheet at the breakup distance [7]. As the droplet sizes are 
a function of the l iquid sheet thickness then, increasing SFR should 
improve the atomization quality. However, the breakup length is si
milarly affected and is shorter for the thinner l iquid sheets [12], which 
may counterbalance the positive effect of the wider spray cone. More
over, the discharge velocity decreases wi th increasing SFR, which re
duces the intensity of secondary breakup [17] but also decreases the 
growth rate of the surface waves and increases the breakup length [18]. 
Finally, the stability of the internal flow affects the breakup length since 
the instabilities of the l iquid sheet are driven by the ini t ial perturbances 
prior discharge. 

To the best of our knowledge, there has been no systematic study 
comparing different geometries of the SL orifices. The purpose of this 
study is to investigate the effect of the SL orifice geometry on the 
performance of the SRA such as the regulation range and spray para
meters. Various SRAs have been investigated for a range of 
Pi = 0.25-1 M P a and SFR from 0 to 0.9. The only difference among the 
atomizers was the geometry of the SL orifices. The single axially placed 
SL orifice, used originally in a combustion chamber, was compared wi th 
several modifications wi th the off-axial SL orifices. 
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2. Exper imen ta l methods 

The experimental data included in this paper were acquired using a 
cold test bench in the Spray laboratory at the Brno University of 
Technology. The following paragraphs describe the equipment and in
strumentation used and include discussion of the atomizers, the test 
bench, PDA system and high-speed imaging. 

2.1. The atomizer designs 

The SRAs investigated have tangential entry ports of a rectangular 
cross-section, see Fig. 1. The original atomizer, wi th an axially posi
tioned SL orifice, was found prone to spray fluctuations. Therefore, the 
atomizer cap was modified and investigated here wi th several SL 
modifications to improve the spray stability by preventing the air core 
failure. There are many possibilities as to how to design the SL orifice. 
The number, size and inclinations of the orifices together wi th their 
pitch circle diameter affect the atomizer performance foremost. The 
flow area of the SL orifices changes the regulation range as more l iquid 
can be spilled away through the larger orifices. Although the flow area 
increases wi th the number and size of the orifices, in this paper, a 
maximum of two orifices is used due to manufacturing simplicity. In
clined SL orifices are investigated here for the first time. Thus, their 
effect is an unknown. However, the inclination should help wi th the 
l iquid intake into the orifice as the standard SL orifices are perpendi
cular to the flow and energy loss would occur here. Finally, the distance 
from the swirl chamber centreline to the orifices, defined by the pitch 
circle diameter, influences the regulation range as the static pressure is 
changing across the swirl chamber. 

Several caps wi th two off-axial SL orifices were designed. For the 
sake of simplicity, the diameter of the off-axial orifices was kept con
stant. It is important for a l l the flow passages to prevent clogging; 
therefore, minimal diameter of the SL orifices should be similar to the 
diameter of the exit orifice. Two off-axial orifices were used to keep the 
symmetry and circumferential periodicity of the swirl chamber, which 
is beneficial for the manufacturing simplicity and provides the flow and 
spray symmetry. Larger spill-orifices enable greater flow rates and 
consequently greater SFR. Theoretically, at very high SFRs, the spray 
cone angle approaches 180°. However, our preliminary experiments 
showed that the spray tends to be very unstable and asymmetric if 
SFR > 0.92. Also, the flow rate requirements grow, the atomization 
efficiency drops wi th SFR increase and the regulation is more proble
matic as small difference in spill-line pressure, ps, causes greater dif
ferences i n ms. Thus, these regimes are not suitable for this small-sized 
atomizer i f operated at relatively low pi. Hence, the flow area of the SL 
orifices was designed to reach SFR — 0.9 wi th fully open spill-line. 

The SL orifice axes were parallel, or inclined, to the main swirl 
chamber axis, see the lower row in Fig. 2. The atomizers C I , C2 and C3 
used parallel SL orifices placed at different distances from the swirl 
chamber centreline; C I had the SL orifice placed on an outer boundary 
of the swirl chamber at a pitch circle diameter dpc = 2.2 mm, C2 on 
dpc = rs/2, and C3 closer to the swirl chamber centreline at 
dpc = 0.8 mm. A modified version of the C I atomizer, C1T, was also 
introduced wi th tangentially inclined SL orifices. Similarly, C2R and 
C2L atomizers based on the C2 atomizer, were designed but wi th the SL 
orifices radially inclined, or larger in the diameter, respectively. The 
original atomizer C4 used a single axially placed orifice wi th flow area 
twice as large compared to the off-axial orifices. In operation the air-

Spill-line 
Spill orifice 
Cap 
Air core 
Tangential port 

A-A 

Fig. 1. Sketch of the original SRA (C4) with the main dimensions given in millimetres; side section (left) and top section (right). 
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Fig. 2. 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). 
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core penetrates through the axial orifice, and partially blocks its cross-
section so the effective flow area is significantly reduced. Therefore, the 
effective flow areas of the axially placed orifice and the off-axial orifices 
are comparable. The geometrical dimensions were inspected using an 
optical microscope and the maximal geometrical deviation from Fig. 2 
was found to be ± 0.01 mm for the SL orifice diameter and ± 0.05 mm 
for the pitch circle diameter. 

Jet A - l fuel (Kerosene) was used as the test l iquid. Physical prop
erties of Jet A - l at room temperature are as follows: surface tension 
a= 0 .029kg/s 2 , l iquid dynamic viscosity Ui = 0.0016 kg/(ms) , and l i 
quid density pi = 795 k g / m 3 . The experiments were performed for pi 
between 0.25 and 1 M P a and for several SFRs in the range of 
SFR = 0-0.9. The atomizer was mounted to a three-axis computer 
controlled traverse mechanism. The alignment accuracy of the atomizer 
with the measurement volume of the PDA system was ± 0.3 mm. The 
spray was discharged from the atomizer into stagnant surrounding air 
at room temperature of 23 °C wi th gas density p g = 1.2 k g / m 3 . 

2.2. The test bench 

The test l iquid was supplied to the atomizer (8) from a fuel tank (1) 
by a gear pump (3) v ia a filter (2), see Fig. 3. The l iquid flow rate was 
controlled by varying the pump speed. The amount of the pumped l i 
quid was metered using a Coriolis mass flow meter Mass 2100 Di3 fitted 
with a Mass 6000 transmitter (Siemens A G , GE) (4) wi th an accuracy 
of ± 0.1% of the actual flow rate. Static over-pressures in the inlet (7) 
and spill (9) line were measured wi th piezo-resistive sensors BD Senzor 
D M P 331i (BD SENSORS s.r.o., CZ) wi th an accuracy of ± 2 k P a . The 
inlet line was also equipped wi th a temperature sensor PR-13 (OMEGA 

(9) <Z> 

00) © 
i ki2) (6); 

V 
(11) 

( 1 ) 

(2) (3) 

•e 
(5) 

(4) 

Engineering, INC., USA) wi th an error of 0.2 °C. The SL contained a 
needle valve (11) used to control the spilled flow rate and a positive 
displacement flow meter DOM-S05 (KOBOLD Messring GmbH, GE) (10) 
with an accuracy of ± 1% of the actual flow rate. The atomized l iquid 
was captured in a collection chamber (12) and flowed back into the fuel 
tank. Spray mist and vapours were captured by an o i l mist separator. 

2.3. Droplet sizing 

The size and velocity of the spray droplets were probed using a two-
component fibre-based commercial P D A (Dantec Dynamics A / S 
Skovlunde, DK), see Fig. 4. The P D A acquires the axial and radial or 
tangential velocity components in the coincidence mode along wi th the 
simultaneous drop sizes. The spray was probed at axial distances of 
Z = 12.5 and 25 mm from the exit orifice along two radially orthogonal 
axes. There were 17 and 25 radial positions on each axis for Z = 12.5 
and 25 mm respectively; the step size was 2 mm between two adjacent 
points. In each measurement point either 35,000 samples were ac
quired, or a 15-second acquisition duration was achieved, whichever 
required the shorter time interval. The PDA measurement was con
trolled by the Dantec BSA software 5.2; for the detailed setup see Fig. 4, 
right. 

The integral Sauter mean diameter, ISMD, ID32, provides the global 
representation of the Sauter mean diameter by its mass-weighted 
averaging over the entire radial profile [19]: 

ISMD = IDi2 = £ r^Dy YJ nfM 
(1) 

Fig. 3. Schematic layout of the cold test bench. 

where rf is a radial distance from spray centerline, ft is the data-rate, D2o 
is a surface mean diameter and D30 is a volume mean diameter. The 
error in the consistency of the ISMD measurements was less than ± 2 
urn. 

2.4. Spray visualization 

A high-speed camera F A S T C A M SA-Z (Photron, Japan) was used to 
document the l iquid breakup and spray macrostructure. The spray was 
background il luminated by a pulsed LED light model HPLS-36DD18B 
(Lightspeed Technologies, USA). The light pulse duration was 300 ns, 
the camera frame rate was 60,000 fps, and the shutter speed was 
350 ns. For each imaging sequence, 3000 frames were captured, each of 
them was analysed individually and the results were consequently 
averaged. The SCA was detected using an in-house M A T L A B * code 
based on the Canny edge detector. In this paper, the SCA is represented 
by the subtended angle between two straight lines drawn along the 
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Fig. 4. A setup of the PDA measurement with a coordinate system (left) and the main system parameters (right). 
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Fig. 5 . Spray cone angle and breakup length measurement. 

l iquid sheet up to Z = 3 mm from the atomizer - see Fig. 5. The un
certainty of the SCA measurements was ± 2°. The breakup length was 
determined as the axial distance from the atomizer exit orifice to a 
point, where the l iquid sheet starts to be ruptured (see lb in Fig. 5). It 
was estimated wi th a statistical error of ± 1 mm. 

3 . Results and discuss ion 

This chapter is divided into three parts. The first part is focused on 
the discharge parameters of the atomizers. The second one deals wi th 
the spray cone angle, breakup length and breakup structure while the 
third one documents the spray characteristics of four representative 
atomizers. A l l the proposed empirical correlations use basic SI units as 
listed in Nomenclature. 

3.1. Discharge characteristics 

The SRAs are favoured for their ability to reduce the injection flow 
rate while the inlet pressure remains constant. This capability can be 
described by the turn-down ratio, which is the ratio of the maximum to 
minimum injection flow rate for a given range of operating conditions. 
As the static pressure at the back wa l l of the swirl chamber is a function 
of the distance from the atomizer centreline [20] the positioning of the 
SL orifice w i l l modify the flow rates and the turn-down ratio. The 
change of the pressure can be simply estimated using the ratio of the SL 
and inlet pressure at SFR = 0, psmax/pi, which reaches values of 0.99, 
0.97, 0.9 and 0.7 for the C I , C2, C3 and C4 atomizer respectively. Our 
former hypothesis assumed that placing the spill-orifices to the 

periphery of the swirl chamber, where the static pressure has a max
imum, should have extended the range in which the pressure can be 
reduced, and consequently increase the turn-down ratio. However, this 
hypothesis was found not to be val id since the atomizers perform dif
ferently as it is explained in the following chapter. 

The discharge parameters were measured at pi = 0.25, 0.5 and 
1 M P a and for several SFR regimes in a range from a closed spill line to 
fully open. The total l iquid consumption and injection mass flow rate 
forpi = 1 M P a is shown in Fig. 6 left. There is little variation in the flow 
rates for low SFRs except for the C4 atomizer at SFR = 0 which pro
duces an unstable spray and has a noticeably higher flow rate at this 
regime due to the unstable air core which is smaller in diameter than in 
the stable case [10]. Consequently, the smaller air core causes an in
crease i n the flow cross-section of the exit orifice. However, wi th in
creasing SFR, spray stability improves and becomes fully stable at 
SFR > 0.15. A slight decrease in the flow rate was observed at 
SFR = 0.2 as the air core was assumed to be stable [10]. Wi th further 
increases in SFR, the differences amongst the atomizers rise. The CI and 
C1T consume a considerably greater amount of pumped l iquid, while 
the C3 and C4 feature only a mi ld increase of mp wi th SFR. The ato
mizers C I and C2 are unable to reach SFR = 0.9 even i f operated wi th a 
fully open SL. Note that the demand for the pump power grows wi th mp 

and thus the atomizers wi th the lower mp are favoured. 

The flow rates are shown in detail for pt = 1 M P a and SFR = 0.8 in 
Fig. 6, right. The atomizers can be divided into three groups which 
correspond to the distance of the SL orifice from the swirl chamber 
centreline. The inclination of the orifice produces negligible changes in 
the flow rates. The C3 and C4 atomizers feature both the lowest inlet 
and injection flow rates, thus less amount of the l iquid is spilled away, 
and they can be attributed as to the most spill-efficient. 

The turn-down ratio is shown in Table 1. The CI and C1T have the 
lowest turn-down capability and are able to reduce the injection flow 
rate three times by controlling the spill flow rate at p\ = 1 M P a and 
about 4.4 times when both the pressure is reduced fourfold to 0.25 M P a 
and the SL is fully open. For comparison, the simplex atomizers have a 
turn-down capability of 2 when the pressure is reduced fourfold. The 
greatest the turn-down capability was achieved in the C3 and C4 cases 
which can reduce the flow rate 5.9 and 7.2 times respectively for a 
constant pi. However, the C4 atomizer offers a larger maximal flow rate 
which biased the results. When its flow rate is normalized wi th that of 
C3, its turn down ratio at constant pi is similar to C3. A fourfold re
duction in pi extended the turn-down ratio from 5.9 to 11.2 and from 
5.9 to 15 for C3 and normalized C4 respectively. 

The discharge coefficient of the SL orifices Cos was calculated in 
order to assess the pressure losses through these orifices. Knowledge of 
Cos can be used for prediction of ms or sizing of the SL orifices. It is 
defined as a ratio of the measured flow rate to the theoretical flow rate 
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Fig. 6. Left: total (mp) and injection flow (thinj) rates atpj = 1 MPa. Right: detail on the flow rates and pressure ratio atp( = 1 MPa and SFR = 0.8. 
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Table 1 
Turn-down ratio for fully open SL. 

Ratio of pi Simplex CI C1T C2 C2L C2R C3 C4 C4 norm. 

lx 1 3.0 2.9 3.7 4.6 2.3 5.9 7.2 5.9 
4x 2 4.4 4.5 6.5 6.9 5.3 11.2 18.7 15.0 

through the SL orifice: 

(2) 

where ms is the measured flow rate through the SL, As is the total area of 
the SL orifices, psmax is the maximal static pressure in the SL at SFR = 0, 
and ps is the actual static pressure in the SL. The ps and psmax were 
measured at constant p\. A change in pt does not affect CDS, see Fig. 7, 
where the combined measurements from pt = 0.25, 0.5 and 1 M P a are 
shown. The C1T atomizer has the highest Cos overall, however, the 
differences diminish wi th increasing SFR. This atomizer uses the tan-
gentially inclined SL orifices which are inclined towards to the swirling 
l iquid; thus, the flow resistance is expected to be lower. Changing the 
inclination rate or direction are likely to change the slope of CDS and 
SFR correlation and a suitable setup may be beneficial for the spill-flow 
regulator since the atomizer flow-rates could be driven more precisely. 

Placing the SL orifice closer to the atomizer centreline results in a 
decrease in CDS. Furthermore, the area of the SL orifice influences the 
CDS as the C2L has noticeably lower CDS compared to the C2 version. 
The single central SL orifice in the C4 produces the lowest Cos due to 
the decrease in the static pressure in the centre of the swirl chamber 
[10]. Surprisingly, for SFR > 0.6, the air-core is expected to be pene
trating through the SL orifice [10], but no evident effect on CDS was 
observed. The lack of the effect of the air-core penetration on the ob
served Cos is attributed to a counter flow, which was evidenced inside 
the SL orifice in [10] for low SFRs. This counter flow reduces the ef
fective spill flow cross-section; thus, the flow area has similar size to 
that at the regimes when the air-core is present inside the SL orifice in 
the case of higher SFRs. 

Note that the CDS can be inversely correlated wi th the turn-down 
ratio as the atomizers wi th greater Cos y ie ld reduced turn-down ratios 
as shown in Fig. 8 forp; = 1 M P a and SFR = 0.9. A similar correlation 
can also be obtained for other pressure regimes. 

3.2. Liquid breakup and spray cone angle 

Since the geometry of the inlet ports and swirl chamber remains the 
same, the SCA is only dependent on the ratio of the axial and swirl 
velocity of the emerging l iquid sheet; it thus changes wi th SFR. The SCA 
was found to be almost independent of the atomizer used, as shown in 
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Fig. 7. SL orifice discharge coefficients, data for all inlet pressures. 
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Fig. 8. A correlation of CDs with the turn-down ratio. 

Fig. 10 left for Pi = 1 MPa , while it increased wi th SFR and pt. A l l the 
atomizers wi th the off-axial SL orifice generated a stable spray at 
SFR = 0. The mean SCA a tp, = 1 M P a is 61.4° ± 1° depending on the 
atomizer used. The temporal variation of the SCA based on the standard 
mean deviation is approximately 1.4° for a l l of the atomizers except C4. 
This atomizer showed an unstable spray wi th the SCA = 72.2° and the 
SCA variation of approximately 11.6°. Wi th increasing SFR, the spray 
stabilized and at SFR > 0.3, the spray stability was found to be almost 
identical among al l the atomizers. Wi th further increases in SFR, the 
spray fluctuations start to increase and at SFR > 0.8, they are ap
proximately twice as high as at SFR = 0.4 (see Fig. 11). 

Several empirical correlations for the SCA were proposed in the past 
for the Simplex atomizers [21-24], however, none was found for the 
SRAs. The experimental data for the SCA can be empirically correlated 
withpj and SFR using exponential equation as proposed e.g. in [21,24]: 

SCA = 16.3p,01(l - SFR)- (3) 

where 16.3 is an empirical constant related to the geometry of the 
atomizer and the rheology of the l iquid used. The difference between 
the calculated and measured SCA is shown in Fig. 10 right, the unstable 
regimes of the C4 atomizer were excluded from the correlation. The 
SCA is slightly increasing wi th the inlet pressure as S C A t x p ; 0 1 for all 
spill-regimes. This correlation is also val id for the Simplex atomizers 
substituting SFR = 0. Note that similar correlation of S C A t x p ; 0 1 1 was 
published in [21] for Simplex atomizers and it was later confirmed in 
[22]. Different exponents of 0.06 [23] and 0.39 [24] were derived for 
large scale Simplex atomizers and high-viscosity liquids respectively. 

The character of the l iquid breakup varies between the atomizers; 
see Fig. 9, where the instantaneous spray images are displayed for 
Pi = 0.5 M P a . The radially and tangentially inclined SL orifices (C1T 
and C2R) and the large area SL orifice (C2L) produce identical SCA and 
breakup structure as their base variants (CI and C2 respectively), so 
they are not shown in Fig. 9. 

The differences in the spray images at SFR = 0 for the stable ato
mizers are small; however, the C I and C2 atomizers feature a longer 
breakup length compared to the C3 atomizer. The unstable C4 atomizer 
has a very chaotic breakup nature at SFR = 0 i.e. for a closed SL. At 
SFR = 0.3 and 0.6, the C3 and C4 atomizers have a very similar 
structure of the l iquid breakup. Nevertheless, the C I and C2 have a 
noticeably better stability of the l iquid sheet wi th a larger breakup 
length. The regime wi th SFR = 0.9 is strongly affected by the injection 
flow rate, which is the highest in the case of the C I atomizer and thus 
the l iquid sheet is expected to be thicker and consequently the breakup 
length longer [12]. At most of the tested regimes, the gas Weber 
number, based on the l iquid sheet half-thickness, defined as: 
Weg = p Uftlla, where Ui is the axial velocity and t is the thickness of 
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Fig. 9. Instantaneous images of the liquid breakup, p, = 0.5 MPa, from top: SFR = 0, 0.3, 0.6 and 0.9. From left: atomizer CI , C2, C3 and C4. 

the l iquid sheet respectively (see Appendix A ) , was lower than 27/16, 
where the transition from the long-wave to the short-wave breakup 
mode was observed [14]. The only regime where Weg > 27/16 was for 
Pi = 1 MPa , SFR = 0. The short-wave breakup was observed there for 
all the atomizers. 

The breakup regime can affect the droplet sizes since the long-wave 
breakup produces a longer breakup length and the ligaments are 
formed twice per wave length. On the other hand, the short-wave mode 
produces a short breakup length and ligaments are formed once per 
wave length but wi th a much higher frequency [14]. The long-wave 
regime can be observed in the case of C I and C2 atomizer. The short
wave breakup can be attributed to the C3 and C4 at all the regimes, 
even when We„ < 27/16. It is evident here, that the transition between 

100 

— 80 

5 

the long and short mode is not caused by the aerodynamic forces but 
rather by the high frequency instabilities of the internal flow. The shape 
and stability of the internal air-core predetermine the thickness of the 
l iquid sheet as wel l as its temporal fluctuations, which modify the 
frequency and amplitude of the ini t ial disturbances [25]. The axially 
placed SL orifice can cause a decay of the internal air core and generate 
strong spray fluctuations [10]. 

In order to assess the effect of pi and m&y on the breakup length It 
and describe the variance among the atomizers, It was correlated withpj 
and mini as: 

h (4) 

where B is a constant dependent on the atomizer used. For C I , C1T C2, 

100-

3 
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Fig. 10. Left: the effect of SFR on camera-based SCA at Pi = 1 MPa. Right: comparison of calculated and measured SCA according Eq. (3) with 95% prediction band. 
Unstable regimes of the C4 atomizer are excluded from the correlations. 
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Fig. 11. Comparison of measured and calculated lb with 95% prediction bands. 

C2L, and C2T is B = 58 while for the C3 and C4 is B = 39. The constant 
B clearly highlights the difference among the atomizers, as it is adjusted 
from the influence of pt and minj. The C I and C2 would have lb about 
25% longer at given pi and m^-. This is attributed to the better stability 
of the internal flow. For all the atomizers, the same dependency on pt 

and minj applies, as increasing pi results in a shorter breakup length, due 
to an increasing l iquid sheet velocity. A n increase in injection mass flow 
rate, m ^ , results in a thicker l iquid sheet which has better stability and 
therefore is extended. 

A semi-empirical correlation proposed in [13,26], correlating lb 

with t, Ui and wave grow rate was able to capture the trends, but its fit 
quality was as poor as R2 — 0.5. Nevertheless, the empirical constant 
had to be changed in a similar way as it is proposed in Eq. (4). To 
properly describe the differences in the breakup nature, the amplitude 
of the disturbances on the l iquid sheet has to be evaluated together wi th 
measurements of t and Ui inside the exit orifice. This is beyond the 
scope of this current paper. 

3.3. PDA results 

The PDA measurements were made for four atomizers - C I , C2, C3 

80-

and C4 - wi th the operating parameters ofp; = 0.25, 0.5 and 1 M P a and 
SFR = 0, 0.3, 0.6 and 0.9. The atomizers C1T, C2R and C2L were ex
cluded from the P D A investigation in order to reduce the measured 
parameters. These atomizers produced sprays wi th identical macro
scopic spray features, such as SCA and breakup length as their base 
variants. Moreover, they provided worse turn-down ratio and higher 
pump power requirements. 

The effect of the injection mass flow rate and SFR on the ISMD is 
shown in Fig. 12. A n increase in SFR results in a slight decrease in the 
ISMD at pi = 0.5 and 1 M P a for all the atomizers. However, at 
SFR = 0.9, the C I and C2 exhibit an increase in the ISMD. This effect is 
stronger at the lower pressures. Both atomizers give very similar trends 
and values of ISMD. The C4, compared to the other atomizers, provides 
the largest ISMD at pi = 0.25 MPa , probably due to the unstable internal 
flow and consequent spray fluctuations. Nevertheless, the fluctuating 
spray from the C4 provides the smallest droplets at higher pressures, 
which was not expected. The C3 and C4 atomizers perform similarly at 
Pi = 0.5 and 1 M P a and SFR > 0. For the regimes wi th moderate SFR, 
the CI and C2 atomizers have a lower ISMD compared to C3 and C4. In 
particular, atp; = 0.5 and SFR = 0.6, the C I and C2 produce the spray 
with ISMD about 15% smaller. 

For a given regime, a l l the atomizers have the same SCA and also the 
same velocity of the discharged l iquid sheet (for the velocity calcula
tions, see Appendix A) . The mean axial velocity of the sprayed droplets 
at Z = 25 mm are 10% higher in the case of C3 and C4. Higher droplet 
velocities should improve the spray quality; however, in this case, it is 
assumed that the breakup structure and stability affect the droplet sizes 
[1] foremost. The C I and C2 atomizers provide a more stable l iquid 
sheet, so, at the point of breakup the l iquid film could be thinner, and 
therefore, the droplets generated would be smaller. Similarly, the larger 
droplets from the C3 and C4 have greater ini t ial momentum. Thus, their 
velocity remains high further downstream from the exit orifice. As thep; 
increases, the breakup length generally decreases and the difference 
among atomizers diminishes. Note here, that for pi = 1 M P a and 
SFR = 0 the C I , C2 and C3 atomizers feature the same ISMD, because it 
is the only operating regime, in which a l l the atomizers operate at the 
same sheet breakup mode. 

Rizk and Lefebvre [6] studied three SRAs and found that the SMD 
was slightly decreasing wi th SFR but the pi played a dominant role 
which agrees wi th our results. However, Dai and Lefebvre [7] found a 
reverse effect of SFR where the drop sizes were about 10% larger at 
SFR = 0.7 compared to SFR = 0. The injected mass flow rate, plotted 
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with ISMD in Fig. 12 left, presents a different view on the results. The 
ISMD in general decreases slightly wi th decreasing injection flow rates; 
nevertheless, the effect of the pt is obviously much stronger. Also, for a 
given atomizer, a different ISMD can be obtained at a constant injection 
rate wi th different combinations of inlet pressure and SFR. This feature 
may find practical applications e.g. in soot control of combustor. 

Due to the difference in SMD among the atomizers studied, it was 
not possible to obtain a simple correlation combining pi, SFR and ato
mizer geometrical parameters. Introducing the breakup length as a 
differentiating parameter between the two atomizer groups, then the 
following correlation can be derived: 

ISMD = 1.72 X 1 0 - 3 p , - a 3 3 i t " a l 8 ( l - SFR)01 

A substitution of It from Eq. (4) results in: 

ISMD = 1.72 x 1 0 - 3 B p i - a 2 m i n J

a 0 9 ( l - SFR)01 

(5a) 

(5b) 

Nevertheless, the quality of the fit between the measured and the 
calculated values is only moderate wi th R2 = 0.85, see Fig. 13. It is 
evident, that the increases in pt and result in smaller droplets. The 
effect of pi has been investigated in the literature, where the pressure 
exponent for Simplex atomizers varies from —0.23 to —0.44 [27-29] 
depending on the geometry and l iquid used and agrees wel l wi th the 
findings presented here. The values reported here are after correction 
for the effect of the mass flow rate on SMD, as the flow rate was con
sidered as an independent factor in these papers and has a minor effect 
here. The effect of It was expected, since the l iquid sheet thickness wi th 

decreases and consequently the ligaments and droplets generated 
should be smaller. 

The camera based SCA indicates only the outer boundaries of the 
spray and provides no information of the radial distribution of the l i 
quid further downstream. For these reasons, the effective SCA is often 
determined [30]. The effective SCA was estimated from the PDA data as 
the apex angle of a virtual cone which covers 90% of the l iquid volume 
flux inside the spray at Z = 25 mm downstream the atomizer. 

The effective SCA shows lower values compared to the camera 
based SCA. However, their trends are very similar as evident in Fig. 14, 
especially for higher pt values. The C I and C2 atomizers produce a 
smaller effective SCA at pi = 0.25 M P a compared to the C3 and C4, 
which is in contrast to the camera based SCA, where a l l the atomizers 
performed in similarly. The increase in SCA wi th SFR is less prominent 
here. To explain this phenomenon, the droplet size and velocity cor
relations need to be considered. The sprays generated by the C I and C2 
atomizer contain much smaller droplets than for the C3 and C4 ato
mizers. The smaller droplets have less momentum which decay faster 
and reduces their axial and radial penetration. The droplets generated 
at p; = 0.25 M P a already have small ini t ial momentum. Therefore, the 
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Fig. 14. Effective SCA based on PDA mass radial flux. 

effective SCA as measured wi th PDA narrows wi th distance downstream 
from the atomizer. 

3.4. Nozzle efficiency 

The efficiency of the conversion of the inlet potential energy into 
kinetic energy wi thin the atomizer exit orifice was derived from the 
Bernoulli equation: 

(6) 

This so-called nozzle efficiency is strongly dependent on the SFR, as 
it is evident from Fig. 15. This is expected, as a portion of the energy is 
spilled out. The nozzle efficiency decreases from its maximum of 
nn = 0.52 for SFR = 0 to as low value as 0.15 for the fully open SL. The 
C4 atomizer behaves differently as it shows a noticeable drop in nn for 
SFR = 0. It is evident, that the unstable internal flow negatively affects 
nn. The pt weakly affects nn as it was found independent on pt for 
Pi = 0.5 and 1 M P a and it was only 5% greater for pt = 0.25 when 
compared to the other regimes. The C3 and C4 atomizers yie ld lower nn 

for SFR = 0.6. For these atomizers, it is assumed that the l iquid sheet 
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Fig. 15. Nozzle efficiency forpj = 0.5 MPa. 
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Fig. 16. Influence of the atomization efficiency on SFR. 

within exit orifice is unstable, hence the energy inside the atomizer 
dissipates readily. 

Other authors reported nozzle efficiencies for Simplex atomizers of 
nn = 0.42-0.66 wi th a dependence on the shape of the convergent part 
of the swirl chamber [31,32], which is in good agreement wi th our 
results. For large scaled Simplex atomizers nn = 0.55-0.59 [19] and 
nn = 0.73-0.86 [33] was reported. This difference to our results can be 
explained by the small scale of the atomizer used here, which has large 
area of internal surfaces compared to the internal volume, hence a 
larger frictional loss. 

3.5. Atomization efficiency 

The SRAs usually have a lower atomization efficiency compared to 
the Simplex atomizers due to the energy taken by the spilled l iquid. The 
atomization efficiency, na, is defined as a ratio of surface energy in
crease to potential energy of pumped l iquid and can be calculated as 
follows [19]: 

7)a = 6cr(l - SFR)l(prISMD) (7) 

As shown in Fig. 16, i\a almost linearly declines wi th SFR. The effect 
of ISMD is weak as it remained almost constant wi th SFR change. The 
increase i n p ; causes a drop i n na, approximately as na<xp{os due to the 
reduction in ISMD wi th pj. The variation in na among the atomizers is 
larger at lower inlet pressure due to a greater variation in ISMD, where 
na reaches the maximum of 1.1% for the C I atomizer at pi = 0.25 M P a 
and SFR = 0. Wi th raising pb the atomization efficiency drops to 0.35% 
at pi = 1 M P a and SFR = 0. Wi th opening the SL, na drops as low as to 
0.05% forpi = 1 M P a and SFR = 0.9. The results given in Fig. 16 are in 
good agreement wi th other authors. Loffler-Mang and Leuckel [9] ob
tained r]a = 0.1-0.4% in dependence on SFR for the SRAs and Petela 

[34] for Simplex atomizers found na = 0.08-0.2%. Despite the low na at 
high SFR, the SRAs have a relatively high na compared to other types of 
atomizers., e.g. Jedelsky and Jicha [35] investigated a twin-fluid ef
fervescent atomizer and found na = 0.02-0.1%. 

4. Conclus ions 

Seven small pressure-swirl spill-return atomizers wi th different 
geometries of the spill-line (SL) orifice were investigated experimen
tally using high-speed imaging and Phase Doppler Anemometry. 

The radial position, on which the SL orifices are located, plays a 
crucial role in the performance of the SRAs as it affects the spray 
quality, stability and turn-down ratio. The single axially located orifice 
causes spray fluctuations at regimes close to a spil l to feed ratios, SFR, 
of zero; however, the spray is stable for SFR > 0.15. The atomizers 
with off-axial orifices are free of this defect, but their turn-down ratio 
range deteriorates wi th the increasing distance of the SL orifices from 
the swirl chamber centreline. The inclination of the SL orifices has a 
negligible effect on the discharge parameters, spray cone angle and 
breakup structure. However, the tangential inclination can affect the 
discharge coefficient of SL orifices. 

The inlet pressure plays a dominant role over SFR in the spray 
formation. The integral Sauter mean diameter, ISMD, was found to be 
decreasing wi th SFR increase for pi = 0.5 and 1 MPa . The atomizers 
with the SL orifice further from the swirl chamber centreline (CI and 
C2) produce a finer spray at moderate SFR; however, the ISMD dete
riorates at the highest SFRs. This behaviour was attributed to better 
stability of the l iquid sheet at moderate SFR values as the long-wave 
breakup mode was observed compared to the C3 and C4 atomizers 
which show the l iquid sheet break up in the short-wave mode even for 
gas Weber numbers, Weg < 27/16. 

The atomization efficiency was found to be in the range of 
na = 0.05-1.1%. It decreases linearly wi th increasing SFR and is almost 
inversely proportional to pj. It is also weakly dependent on the atomizer 
used at pi = 0.5-1 MPa . 

From this study it is proposed that the optimum configuration for 
spill-return atomizers is wi th off-axial parallel orifices. If the spray 
quality has a high priority, the C2 atomizer wi th the SL orifice placed on 
a radius rs/2 is recommended. The highest turn-down ratio was 
achieved by the C3 atomizer, but the spray quality was slightly worse at 
regimes wi th SFR 0.3-0.6. 

The study presented reveals some effects of SL orifice geometry on 
the SRAs characteristics, and, it also indicates the complexity of the 
internal flow. Further experimental and numerical analysis of the in
ternal flow w i l l follow to explain the breakup mechanism in detail. 
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A p p e n d i x A 

measurement of Ui was not performed in this paper, it was estimated indirectly from the PDA measurements and the high-speed imaging records. 
The PDA measurement was provided at Z = 12.5 mm downstream the atomizer exit orifice. As the droplets interact wi th the surrounding gas, 

their flow behaviour is l inked to their size and velocity. A dimensionless parameter, describing the behaviour of the particles in the flow, is the Stokes 
number, Stk, defined as the ratio of characteristic time of a droplet to a characteristic time of the flow and can be estimated as [36]: 
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(A.1) 

where Cc is the Cunningham correction factor and it is ~ 1 in this case, L represents the distance from the breakup point to the measurement point, 
Av is the difference between the local air velocity and the droplet velocity, ng is the air dynamic viscosity. Both, Av and L were calculated in the same 
way as described in [36]. The droplets wi th Stk > > 1 move ballistically and are resistant to turbulent eddies. In this paper, the droplets at 
Z = 12.5 m m with Dp > 80 urn feature Stk > 100 for all the operating regimes and atomizers. The mean axial velocity was calculated for those 
large droplets at each measured point. Consequently, the radial position wi th the maximal droplet axial velocity was selected i f more than 100 
analyzed droplets were analyzed. This velocity was then considered to be a good approximation of the discharge velocity of the l iquid sheet. 

To validate these results, a Particle Image Velocimetry, PIV, analysis of the high-speed images was performed wi th the open software PIVlab* 
[37], Typical flow vector results are shown in Fig. A . l . Since direct measurement of the wave velocity on the l iquid sheet surface can bias the results 
[38], the axial velocity was measured just downstream of the breakup position. Thus, wi th L -» 0 the Stk is expected to be very high and the axial 
velocity should not be affected by the droplet interaction wi th surroundings. 

Comparison of both approaches is shown in Fig. A.2 for a l l the atomizers and operating regimes measured by PDA. The results correlate wi th 
R = 0.98 and the velocities from PIVlab" were some 3% smaller than PDA results which could be caused by the uncertainty in the vector spatial and 
temporal scaling. It can be concluded that the axial velocity of the largest droplets can be used for the estimation of the l iquid sheet axial velocity. 

The l iquid sheet thickness, t, is related to the injection mass flow rate, m ^ , and from the Continuity equation: 

rhinj = 7tPiUit(.d„ - t) (A.2) 

The Ui is expected to be equivalent to the axial l iquid velocity wi th in the exit orifice. 
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Keywords: 
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The sprays produced by spill-return pressure-swirl atomizers are strongly dependent on the nature of the internal 
fluid dynamics. Several spill-return atomizers were compared in terms of the spatial and temporal behaviour of 
the internal air-core, liquid sheet thickness and its perturbations. The only difference amongst the test config
urations was the geometrical arrangement of the spill-line (SL) orifice through which the liquid was spilled 
away. The flow field inside the swirl chamber was examined using high-speed imaging with image post pro
cessing using an in-house Matlab code and three orthogonal velocity components acquired using Laser Doppler 
Anemometry. The dimensions of the production atomizers did not allow direct visualization of their internal 
flow, so a scaled, modular, transparent plexiglass model was used. Its flow characteristics were equivalent to the 
original atomizer. The refractive index of the atomizer body was matched to the test liquid using a solution of 1-
Bromonaphthalene and kerosene fuel type JET A-l . The test conditions were derived from the original atomizer 
and were limited to inlet port Reynolds numbers, from 700 to 2000 and spill-to-feed ratios, SFR, from 0 to 0.75. 
An inviscid analysis, originally derived for Simplex atomizers, was modified and applied to the spill-return 
version. This approach allows a theoretical prediction of the discharge coefficient and air-core diameter de
pendent solely on SFR. An axially located SL orifice inhibits any internal air-core forming in the swirl chamber. 
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. The flow energy losses increase with 
SFR. The outcomes from this analysis allow the optimization of the SL configuration for specific application and 
extend the classical inviscid analysis. 

1. In t roduct ion 

Many industrial spray applications require a high liquid surface area 
to volume ratio, which is usually accomplished by an atomizing device. 
Numerous atomizer designs have been proposed in past, and yet, the 
most common type introduced more than a century ago, is the pressure-
swirl type known as a Simplex atomizer. The injection flow rate, m^, of 
the Simplex atomizer depends solely on the square root of the injection 
pressure pt. Therefore, a halving in m i l v requires a fourfold decrease in 
the pi, which affects droplet sizes dramatically [1]. Several enhanced 
versions were derived in order to improve operating and spray para
meters. This paper focuses on pressure-swirl Spill-return atomizers, 
which are based on the Simplex geometry, but contain an additional 
passage, the spill-line, in the rear wall of the swirl chamber. The liquid 

is injected in to the swirl chamber via tangential ports. In the swirl 
chamber it is divided into two streams, one is discharged outside and 
atomized while the second one is spilled away through the spill-line 
passage. The liquid can be supplied into the swirl chamber under a high 
inlet overpressure, pi, and the rhinj is regulated by changing the spill 
flow rate, ms. This allows a high swirl momentum to be maintained for a 
wide range of minj. Due to this feature, spill-return atomizers have a 
large turn-down ratio. This is the ratio of the maximum to minimum 
rhjnj appropriate for the given application of acceptable spray quality 
and operational pressure. The operating regime of the spill-return 
atomizer is typically characterised by a bypass ratio known as the spill-
to-feed ratio, SFR. It is the ratio of the spilled flow rate, ms, to the 
pumped flow rate, mp and can have values from SFR = 0, where all the 
liquid is injected and the atomizer operates in a Simplex mode to 
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Nomencla tu re Weg gas Weber number [-] 
X ratio of air-core to of exit orifice area [-] 

A area [m 2] Z axial distance [m] 
b width [m] 
B experimental constant for SCA [-] Greek characters 
CD discharge coefficient [-] 
d diameter [m] H dynamic viscosity [kg/(ms)] 

dpc Pitch Circle Diameter [m] P density [kg/m 3 ] 
h height [m] a l iquid/gas surface tension [kg/s 2 ] 
k Atomizer constant used in [8,9] [-] 

fci Atomizer constant used in [31] [-] Subscripts and Superscripts 

h breakup length [m] 
m mass flow rate [kg/h] ac air-core 
n refractive index [-] acc air-core wi thin the swirl chamber 

P pressure drop at the atomizer [Pa] ace air-core wi thin the exit orifice 
r radius [m] c swirl chamber 

RP 
distance of inlet port axis to swirl chamber axis [m] cal calculated 

Re Reynolds number [-] g surrounding gas 

So Swirl number [-] inj injected 

Si virtual distance of the measurement volume [m] inv inviscid analysis 

s2 
real distance of the measurement volume [m] I atomized l iquid 

SCA spray cone angle [°] 0 exit orifice 
SFR Spill-to-Feed ratio [-] P inlet port 

t l iquid sheet thickness [m] r reduced variable by 1-SFR 

U axial velocity [m/s] s spill-line 

V velocity [m/s] sc spray cone 

W swirl velocity [m/s] y experimental constant for swirl velocity [-] 

SFR -» 1, where most of the l iquid is spilled away. 
Both the Simplex and Spill-return atomizers typically discharge a 

hollow cone l iquid sheet [1], The parameters of the l iquid sheet, such as 
l iquid sheet thickness, t, velocity and perturbations are related to the 
internal flow characteristics. The centrifugal l iquid motion inside the 
swirl chamber generates an internal air-core due to a low-pressure zone 
up down the swirl chamber centreline. A i r from the surrounding at
mosphere is sucked into this zone through the exit orifice to form the 
air-core. The diameter of the air-core determines the value of t since the 
air-core blocks a part of the exit orifice. Moreover, any air-core fluc
tuations and instabilities affect the l iquid sheet perturbations and sta
bility [2] and may consequently change the l iquid sheet breakup length. 
Better stability of the l iquid sheet prolongs the breakup length [3]. 
From a simple geometric consideration, where the l iquid sheet is con
sidered as the hollow-cone, the longer breakup length results in a 
thinner l iquid sheet at the breakup position. Therefore, the generated 
ligaments are smaller and so are the final droplet sizes [4]. Also, the 
breakup mode can change the size of the ligaments. Both long and short 
wave breakup modes have been observed [5] being dependent on the 
gas Weber number. It is based on the l iquid sheet half thickness: 
Weg = pgU?t/2o, where p g is air density, Ui is axial velocity of the l iquid 
sheet, t is the l iquid sheet thickness and a is surface tension. The Weg 

reaches a crit ical value of 27/16, where a transition from the long to the 
short wave breakup mode appears. The long wave breakup mode pro
duces a longer breakup length and tends to create smaller ligaments and 
droplets. This was confirmed in our previous work [4]. The init ial 
amplitude of the l iquid sheet perturbations is an important parameter 
for theoretical breakup models [3,5,6], but, due to a l imited number of 
experimental results, it is often approximated. 

Before the development of Computational Flu id Dynamics, many 
analytical approaches were derived assuming both inviscid flow [7-9] 
or viscous flow [10,11]. These models are suitable for prediction of the 
air-core diameter; however, the air-core dynamics is not usually cap
tured. Experimental studies generally reveal a complex nature of the 
air-core shape and stability. The air-core surface may contain several 
types of surface waves and distortions, described in [2], as helical 

striations, stationary waves and random ripples. The stationary waves 
were found to be responsible for the temporal change in the l iquid sheet 
thickness. The air-core stability varies wi th the geometrical design of 
the atomizer and its operating conditions. For low Re, the centrifugal 
forces are weak and thus the air-core is less developed and can even 
disappear [12]. The same applies for low Swir l numbers, S0 [13]. The 
length of the air-core is also an important parameter since a long swirl 
chamber reduces the stability of the air-core and could produce an 
unstable spray [14]. Note that the air-core must be developed and 
stable wi th in the exit orifice in order to achieve a stable spray. How
ever, the spray stability has been found almost independent on the air-
core stability further upstream within the swirl chamber [12,15]. 

Spill-return atomizers feature even more complex internal flow 
characteristics, since it can be affected by the presence of the SL orifice. 
Moreover, the internal flow conditions, such as S0 and Re change wi th 
SFR. The SL orifice can have many geometrical configurations, e.g. a 
single orifice placed at the swirl chamber centreline, or several off-axial 
orifices placed around the swirl chamber. The single axially placed SL 
orifice was found to be prone to the air-core fluctuations, especially at 
low SFR regimes, and produced an unstable spray. The air-core peri
odically decayed and was developed only wi thin the exit orifice [15]. 
This behaviour was attributed to the presence of a low-pressure zone 
across the SL orifice, through which the l iquid could be drained from 
the SL into the swir l chamber and consequently fill the air-core wi th 
l iquid. Off-axial SL orifices solve this problem, but their distance from 
the swir l chamber centreline can change the l iquid sheet breakup mode 
[4]. The transition from the long to short wave breakup was observed 
even for Weg smaller than the crit ical Weg. It was assumed that this 
phenomenon was related to the fluctuations or stability of the inner air-
core. This paper aims to test this hypothesis. 

The turn-down capability of the Spill-return atomizer is hugely 
dependent on the size and position of the SL orifices. Despite the pro
blems wi th the l iquid sheet stability, the SL orifices located closer to the 
swirl chamber centreline yielded a wider turn-down capability while 
for the axially placed SL orifices this was maximised [4]. Wi th its simple 
geometry, the single axially placed SL orifice has been used in many 
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studies [16-20]. Nevertheless, a few authors have pointed out that 
spray instabilities can occur [21,22] and suggest the use of the off-axial 
SL orifices. Khavkin [22] recommended placing the SL orifices at a 
radius rs/2. Since this literature review identifies several contradictory 
conclusions, these are addressed wi th in this study and, together wi th 
our previous work [4] should provide a more complete understanding 
of this problem. 

In the current trend of increasing process efficiency, the leakage of 
the pressure energy wi th the spilled l iquid is often inconvenient. To 
minimize the energy losses, it is beneficial to connect the SL directly to 
the suction side of a fuel pump and recover a portion of the pressure 
energy. The construction of the atomizer must prevent the air leakage 
to the pump suction. This was found challenging for some geometrical 
arrangements of the spill-return atomizers [23]. However, as no re
levant literature was found to deal wi th this problem in detail, it is also 
addressed in this paper. 

2. Exper imen ta l setup 

The experiments were performed at special facility designed for cold 
atomizer testing at Brno University of Technology, Czech Republic. 

2.1. The atomizer designs 

The atomizer geometries were derived from an original geometry 
studied in our previous work [4]. However, to aid manufacturing 
simplicity the converging part of the swirl chamber was modified and 
three ports are to be used. Due to the small dimensions of the original 
atomizers, it was impossible to manufacture them and to examine their 
flows directly. To solve this issue, a transparent version was designed as 
a ten times scale model. The transparent atomizer has a modular con
struction. The assembly consists of two transparent parts made from 
cast polymethyl methacrylate, P M M A , which were ground and polished 
to achieve transparency, and three metal parts, including exchangeable 
caps, see Fig. 1. The operating regimes were based from the original 
atomizer [4] as follows: the Rep was calculated for three pt regimes and 
SFR = 0, which yielded Rep = 700, 950 and 1250 forp, = 0.25, 0.5 and 
1 M P a respectively. The same Rep was consequently used in this study, 
which results in pt = 3, 6 and 12 kPa for the scaled atomizer and the 
test l iquid. The spill regimes use a constant pi and the regime is defined 
by changing the SFR values from 0 to the fully open SL. The Swirl 
number was the same for both the original and scaled atomizer due to 
design similarity. 

Twelve caps wi th different arrangements of the SL orifices were 
designed; see Fig. 2. For sake of simplicity, the diameter of the SL or
ifices, ds, was kept constant at ds = 3 mm. Three off-axial orifices were 
used to maintain the circumferential periodicity of the swirl chamber. 
The caps C8, C9, C l l , C15 and C22 use three off-axial, parallel orifices. 
The orifices are placed at different distances from the swirl chamber 
centreline: C8 has the orifices closest to the atomizer centreline, at a 

pitch circle diameter dpc = 8 mm, C l l , C15 and C22 use dpc = 11, 15 
and 22 mm respectively. Note here, that the cap number denotes dpa 

e.g. the atomizer C15 uses the cap wi th dpc = 15 mm. The values for dpc 

are based on the results from [4]. The C8B1 and C8B2 versions are 
based on C8 but contain an insert along the swirl-chamber centreline, 
which, in theory should reduce the air-core length and increase its 
stability [14]. Tangentially inclined SL orifices are introduced into the 
C8TG and C8TGC caps, where the C8TG uses orifices inclined towards 
the swirl motion, which reduces intake losses, while C8TGC uses the 
opposite inclination. The C14R cap contains a large insert where three 
spill-orifices are located and configured perpendicular to the atomizer 
main axis. Similarly, as for the C8B1 and C8B2 caps, the air-core length 
is reduced. The C8C version is also a modification of the C8 cap wi th the 
addition of an extra orifice located on the swirl-chamber centreline. The 
CC, on the other hand, uses a single axially placed orifice. Spray in
stabilities are expected in the case of both C8C and CC according to 
[15]. 

2.2. The test bench 

A solution of Jet A - l fuel (Kerosene type fuel) and 1-
Bromonaphthalene was used as the test l iquid. This solution maintains 
the similar rheological properties as the Jet A - l fuel, but also simplifies 
the optical measurement wi thin the atomizer, since its refractive index 
is closely matched to that of the P M M A . The physical properties of the 
solution at room temperature are as follows: surface tension 
a = 0.032 kg/s 2 , l iquid dynamic viscosity Ui = 0.0018 kg/(ms) , and 
l iquid density pj = 932 k g / m 3 . The test l iquid was supplied to the 
atomizer from the fuel tank by a centrifugal pump. The mass flow was 
regulated by varying the pump speed. The fuel flowing through the 
inlet line was metered by the Coriolis mass flow meter Mass 2100 Di3 
fitted wi th the Mass 6000 transmitter (Siemens A G , GE) wi th an accu
racy ± 0.1% of the actual flow rate. A piezo-resistive pressure sensor 
D M P 331i (BD SENSORS s.r.o., CZ) measured the static inlet over
pressure. The uncertainty in pressure sensing was 0.05 kPa. The inlet 
line was also equipped wi th a temperature sensor PR-13 (OMEGA 
Engineering, INC., USA) wi th an error of 0.2 °C. The spill-line used a 
piezo-resistive pressure sensor D M P 331i (BD SENSORS s.r.o., CZ), a 
regulation valve and a positive displacement flow meter FPD3202 
with ± 1% accuracy of the actual flow rate (OMEGA Engineering, Inc., 
USA). The calculated uncertainty of discharge coefficient, CD, was 
0.25% of actual value. The atomized l iquid was captured in a collection 
chamber and routed back to the fuel tank. The atomizer was mounted to 
a CNC positioning system with a positional error less than 0.1 mm. 

2.3. High-speed imaging 

A F A S T C A M SA-Z high-speed camera (Photron, Japan) wi th a long
distance microscope 12X Zoom lens (NAVITAR, New York, USA) which 
composed of a 2X F-mount adapter (type 1-62922), a 12 mm F.F zoom 

Spil l- l ine (SL) 
S L orifice 
Changeab le cap 

- Inlet port — 

- k 
Transparent 
parts 

Swir l chamber 
Air -core 
Liquid sheet 

Fig. 1. Atomizer schematic drawing with main dimensions in millimetres. 
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lens (type 1-50486) together wi th 0.25X lens (type 1-50011) was used 
to document the spatial and temporal behaviour of the air-core and 
discharged l iquid sheet. A background LED panel il luminated the ato
mizer. The camera frame rate was 10,000 frames per second, the re
solution was 1024 x 1024 px and the shutter speed was set to 40 us. 
The air-core dimensions and the spray cone angle, SCA, were measured 
by an in-house M A T L A B code using a threshold based detection tech
nique. Two axial locations, for which the air-core diameter and its 
surface waves and fluctuations are discussed in this paper, are shown in 
Fig. 3. Similarly, the position where the spray cone fluctuations are 
evaluated is discussed there. The temporal fluctuations and waves were 
processed using Fast Fourier Transform technique, FFT. 

2.4. Laser Doppler Anemometry 

Point-wise velocity measurements inside the swirl chamber were 
carried out using a 2D L D A FlowExplorer (Dantec Dynamics A / S , 
Skovlunde, DK). Two perpendicular axes were measured at a single 
axial distance, see Fig. 3. Two orthogonal velocity components were 
acquired simultaneously. The traversed distance between two neigh
bouring measurement points was 0.25 mm. The LDA contains two built-
in diode pumped solid state lasers wi th wave lengths of 660 nm and 
785 nm wavelength. The beam from each laser was split into two 
parallel beams wi th a separation of 60 mm and power of 30 mW per 
beam. The wavelength of 660 nm was used for the swirl and radial 
velocity measurements, while the 785 nm wavelength measured the 
axial velocity component. The LDA, configured i n the backscatter mode 
has a lens focal length of 150 mm. The measurement volume had the 
size of 0.1 x 0.1 x 0.8 mm. The L D A signals were processed using a 
Dantec P80 processor and the data acquisition was controlled using BSA 
flow software v5.2. 

The refractive index of the atomizer body and working l iquid dif
fered by less than 0.005 for both 660 nm and 785 nm wavelength. 
Therefore, the velocity error is expected to be less than 0.4% [15,24]. 
However, the real position of the measurement volume inside the ato
mizer body had to be corrected as S2 = nSj, where S2 is the real dis
tance of the measurement volume from the atomizer wa l l and Si is the 
traversed distance of the measurement volume from the atomizer wal l . 
The measurements near the air-core surface were affected by light re
flections, which generate noise on the L D A signals and the subsequent 
velocity estimates. Therefore, these data were processed by a filtration 
algorithm, which seeks for a Gaussian distribution in the velocity his
togram, and calculates the mean velocity only from the data which 
satisfies the Gaussian distribution. 

Flow tracer particles SL75 e-spheres (Envirospheres, AU) wi th a 
mean diameter of 45 um were used as tracers for the LDA measure
ments. Their Stokes number, based on the highest swir l velocity and air-
core diameter, which is the worst scenario case for the particle move
ment, was less than 0.1 for each regime, which ensured a sufficiently 
high flow fidelity. 

3. Results and discuss ion 

Presentation of the results is divided into five parts. The first part is 
focused on the discharge parameters of the atomizers. The second one 
deals wi th the air-core characteristics. The third one focuses on the SCA 
and stability of the discharged l iquid sheet. The fourth compares the 
temporal characteristics of the air-core and l iquid sheet for two ato
mizers in detail, while the fifth discusses the measured velocity profiles 
within the swirl chamber. 

3.1. Discharge characteristics 

The discharge parameters were measured atpj = 3, 6 and 12 kPa 
and for several SFR regimes in the range from an SFR = 0 to a fully 
open SL for spill overpressure, ps = 0. There are two ways as how to 
evaluate the flow rates of the atomizers: at constant SFR or constant ps. 
The former is better l inked to the physics of the spray formation and 
parameters such as droplet size or SCA, while, in practical applications, 
the atomizers are l ikely to be driven by the pressure regulator. 

The main difference between the Simplex and Spill-return atomizers 
is that the Spill-return version features a variable swirl number, So, 
dependent on the SFR. The S0 can be defined as the ratio of axial flux of 
angular momentum to axial flux of axial momentum and it can be 
calculated as [25]: 

_ minjvpRp 

WinjU/c,' (1) 

where vp is a mean velocity inside the inlet port, U„ is an axial velocity 

inside the exit orifice and Rp is the mean radius at which the flow enters 

the swir l chamber: Rp = (rs — y ^ . Neglecting the presence of the air-

core, the velocities can be calculated as: 

Fig. 3 . The typical high-speed image with measurement positions. 
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ApPl 

Substituting Eq. 
SFR = (mp - minj)/mp: 

7ir0Rpm^ nr. 
So = — : — t 

(2) into Eq. (1) 

A p ( l - SFR) 

(2) 

together wi th 

(3) 

Then, the term Apr = Ap{\-SFR) represents the reduced area of the 
inlet ports, which can be interpreted as the inlet port virtually divides 
into two parts. Only the l iquid flowing through Apr contributes to the 
swirl chamber inflow, while the rest drains to the SL directly. Then, the 
reduced atomizer constant, kr, is considered as a function of SFR: 

Ap(l - SFR) 
nRprB (4) 

This simple assumption allows classical inviscid analysis and em
pirical equations derived for the Simplex atomizer to be applied to the 
spill-return version. The inviscid analysis is based on the Bernoulli 
equation of the inviscid flow and principle of maximum flow, which 
ensure, that the air-core diameter w i l l adjust itself for optimum flow 
rate. This analysis was among others proposed by Giffen and Muraszew 
in 1953 [26] and is reviewed in detail in [8,9], where it is also com
pared wi th approaches derived by other authors. Only the final equa
tions are mentioned here due to brevity. The ratio of the real mass flow 
rate to the theoretical can be measured by a discharge coefficient, CD: 

AoJ2p,P, (5) 

In practical applications, Cd less than 1, due to viscous energy dis
sipation. The Cd calculated from the inviscid analysis is still applicable 
for pressure-swirl atomizers even when the viscous losses are neglected. 
The presence of the air-core effectively blocks off a portion of the exit 
orifice and reduces the C D . Therefore, the CD is solely dependent on the 
air-core dimensions and can be calculated using eq. 41 from [8,9] or eq. 
5.37 from [1], Both equations return identical results, but the latter is 
presented here due to its straightforwardness. The C D I N V represents the 
CD based on the inviscid analysis: 

( i - xy 
1 +x (6) 

where X is the ratio of the air-core area to the area of the exit orifice: X 
= AaJA0. The X can be calculated, when the principle of maximum 
flow, eq. 44 in [8,9], is applied: 

X 3 + (2kr - 3)X2 + 3X - 1 = 0 (7) 

The only unknown parameter in Eq. (7) is the X , which can be 
calculated for each fcr. Then, the CDinv can be calculated from Eq. (6) and 
it depends only on the kr, which is a function of atomizer geometry and 
SFR. This value can be used as a target value for atomizer design op
timization since it neglects a l l the internal energy losses and represents 
an ideal atomizer. The viscous losses have two opposite effects. First, it 
reduces the axial velocity and tends to lower CD. Second, the friction 
reduces the swirl velocity and consequently, the air-core diameter. It 
leads to a higher CD. Our measurements give CD = 1 .16C D i I l v wi th 
R = 0.96, see Fig. 4. Therefore, the second effect dominates, which is 
in agreement wi th general consensus [1,8-10]. However, Craig et al. 
[27] claimed, that non-optimal flows have a lower CD that predicted by 
inviscid analysis, which is the opposite conclusion. 

A l l of the atomizers, except the unstable CC and C8C, yield similar 
flow rates for SFR = 0 of m i l v = 71, 96 and 131.6 k g / h wi th a standard 
mean deviation of ± 2, 3.5 and 5 kg /h but dependent on the atomizer 
used for pi = 3, 6 and 12 kPa respectively. This leads to a discharge 
coefficients of Co = 0.50, 0.48 and 0.46 ± 0.02. The variance among 
atomizers is l ikely caused by the complexity of flow near the SL orifices 

for some geometries, which increases overall energy losses in the swirl 
chamber or partially destabilizes the air-core. Therefore, the atomizer 
with inserts or tangentially inclined SL orifices typically exhibit slightly 
larger Co values and a slightly smaller air-core diameter wi th in the exit 
orifice. Unlike in the inviscid analysis, Co decreases wi th increasing pi 
as CD ex Pi'0 0 6 , see a notable data point classification according to pi in 
Fig. 4. This is a well-known phenomenon as documented in [12]. The 
CC and C8C atomizers produce an unstable spray wi th minj = 86, 112 
and 143 k g / h for the CC atomizer and minj = 90, 122 and 166 kg /h for 
C8C for pt = 3, 6 and 12 kPa respectively which results in high CD 

values of 0.59, 0.55, and 0.51 for CC and 0.63, 0.61 and 0.59 for C 8 C 
This was expected, since no stable air-core was developed for this re
gime (as discussed later) and the flow cross-section at the exit orifice is 
therefore larger. Note here, that C8C yields a considerably higher Co for 
pt = 12 kPa than the C C This can be attributed to the developing air-
core in the CC case for higher pi. Both atomizers are excluded from the 
inviscid analysis, since, wi th no air-core, the inviscid CDinv -» 1, which is 
in huge disparity wi th measured data. This could be explained by a 
large swirl velocity component that reduces the static pressure across 
the centre of the exit orifice, which consequently reduces the flow rate. 
The phenomenon of the undeveloped air-core was studied in detail in 
[15]. 

When the spill-line opens, the stable atomizers start to differ. The 
ms, minj and SFR are plotted for each atomizer for a fully open SL in 
Fig. 5. It is evident, that the overall l iquid consumption grows wi th 
increasing dpc. This trend was discussed in our previous work [4]. The 
C8 and C9 atomizers feature both the lowest ms and m^, thus, they can 
be attributed as to the most spill-efficient. The inserts into the swirl 
chamber, in the case of C8B1, C8B2 and C14R atomizers, have almost 
negligible effect on the flow-rates for a l l regimes tested. The C8C ato
mizer reaches the lowest value of SFR; despite it having one additional 
orifice. The atomizers wi th the inserts generally reach a lower SFR for a 
given pressure compared to their base variants. 

The turn-down ratio, calculated here as the ratio of m i l v for SFR = 0 
to minj for SFR = 0.6, likewise differs, see Fig. 6, where it is shown for 
Pi = 6 kPa. Similar results are also obtained for other p; values. Since all 
of the atomizers were able to reach an SFR = 0.6, the difference comes 
only from the position of the SL orifices. The turn-down ratio is found to 
linearly decrease wi th dpc. Note that for a l l the atomizers wi th 
dpc = 8 mm an almost identical turn-down ratio of 2.05 was achieved. 
This was true even for the C8C version wi th flow rates 25% higher in 
comparison to the C8 atomizer under all SFRs investigated. The CC 
atomizer achieved the highest turn-down capability for a given SFR, 
followed by all the C8 versions and C9. 

The tangential inclination of the SL orifice changes the pressure 
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Fig. 6. Turn-down ratio forp, = 6 kPa and SFR = 0.6. 

drop wi th respect to the direction of inclination, see Fig. 7, where SFR is 
plotted wi th ps. The SL orifices inclined towards the internal swirl 
motion in the case of C8TG, reduce the pressure drop and this version 
can reach higher SFRs and thus have a greater turn-down capability 
with fully open SL - see Fig. 5. However, no difference was found in the 
flow-rate at constant SFR despite inclination of the SL orifices. Another 
aspect for practical operation is thep s value at a given SFR. The pressure 
regulator setting is very sensitive when a small change in ps causes a 
large drop in SFR. This is the case for C8TG version, where the ps is 
almost identical for SFR = 0 and 0.3. Thus, i f the overall turn-down 
capability is not a priority, the SL orifices inclined opposite to the in
ternal swirl motion ensure a smoother pressure regulation curve. 

3.2. Internal air-core 

The investigation of the internal flow plays a key role in under
stating the mechanisms responsible for the atomizer performance. The 
strong swirl ing motion inside the swirl chamber forms an air-core 
whose size and stability affects the whole spraying process, as discussed 
in the introduction. The high-speed imaging showed that the internal 
air-core is cylindrically shaped, being larger in diameter, see the stable 
C22 atomizer in Fig. 8, wi th the exit orifice which is wel l known 

phenomenon [28,29]. Wi th increasing p, the air-core diameter slightly 
increases as discussed in [10]. The presence of the air-core effectively 
blocks a portion of the exit orifice and causes relatively low CD values, 
typical for pressure-swirl atomizers. The unstable C8C and CC atomizers 
have undeveloped air-cores, which agrees wi th the findings discussed in 
the previous section. 

In a l l other cases, the air-core is developed across the whole length 
of the swirl chamber. The difference between the air-core size wi thin 
the swirl chamber and the exit orifice is plotted in Fig. 9. Wi th in
creasing SFR, the difference between dacc and dace is decreasing and 
both increase almost linearly wi th SFR. This is due to a rising l iquid 
flow rate through the tangential ports, which produces a stronger swirl 
motion and a lower axial velocity component as the spilled amount 
increases. The dimensionless air-core diameter, Jx, from the inviscid 
analysis was overestimated for all the regimes, as predicted and wi th a 
nonlinear trend. When the calculated Vx is multiplied by the same 
correction coefficient as used for Cmnv, 0.86, the values of 0.86VX 
match wel l at higher SFRs but are still overestimated for SFR = 0 and 
0.3. These results confirmed that the smaller air-core leads to the higher 
CD. 

For low pi, the helical striations, as described in [2], can be found as 
the result of three inlet ports which creates discrete flow patterns wi thin 
the swirl chamber. The prominence of the helical striations decreases 
downstream i n the swirl chamber and they are not detectable wi thin 
the exit orifice. The greatest variance in the air-core diameter among 
the atomizers can be found for dacc at low SFRs - Fig. 9. These differ
ences diminish inside the exit orifice; as shown by small variations 
among atomizers for the dace. 

The air-core stability is affected by the atomizer geometry, in this 
paper, the configuration of the SL orifice and the presence of the inserts 
which reduce the air-core length are the only different parameters. The 
air-core stability can be quantified by the standard mean deviation, SD, 
of the air-core diameter fluctuations at a given location. The air-core 
fluctuations inside the swirl chamber measured at dacc only moderately 
affect the air-core stability wi thin the exit orifice dace wi th R2 = 0.69. 
The air-core stability slightly decreases wi th increasing dpc, as shown in 
Fig. 10. This phenomenon was discussed in [4], by means of differences 
in the breakup mode. It is evident here, that the air-core stability 
slightly decreases for dpc < 11 mm. The SL orifices for the less stable 
atomizers are placed in the zone, where the pressure gradient is in
creasing. Therefore, an apparent pressure change can be generated 
across the SL orifice diameter. As it was discussed in [15], this pressure 
gradient can create a two-way flow through the SL orifice and generate 
vortices, which consequently reduce the air-core stability. This beha
viour can be readily observed in the case of the C8C atomizer, where 

C8 
C8TG 
C8TGC 

1.0 1.5 2.0 2.5 3.0 

Ps [ kPa ] 

Fig. 7. Comparison of SFR for inclined SL orifices dependent onp s , p, = 3 kPa. 
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the l iquid flows into the SL v ia the distant orifices due to the higher 
pressure there, and is sucked back into the swirl chamber by the central 
orifice due to a low pressure zone along atomizer centreline. This ato
mizer is the only one which had no air-core under any operating re
gime, since the low pressure zone was always filled by the l iquid. 

The air-core diameter fluctuations and surface dislocations can be 
assessed from the high-speed images for a given location as a function 
of time. The similarity of the air-core surface distortions along its length 
is then evaluated using a cross-correlation method. Results shown here 
are time varying data related to the dacc position which is cross-corre
lated wi th positions downstream of the air-core. For each data pair a 
maximum in the correlation coefficient was obtained (Fig. 11) together 
with its representative time shift (Fig. 12). Air-core diameter fluctua
tions for two atomizers wi th different air-core stability (see following 
sections of this paper) are only shown here for brevity. Results suggest 
that the signal correlation is lost after just 2.5 mm downstream which is 
in the same order of magnitude as the air-core diameter itself. Also, the 
correlation coefficient drops sharply below a value of 0.3 which points 
to a poor correlation quality. The same result was obtained for both 
surface wave and air-core diameter fluctuations. This may be caused by 
a rapid change in the air-core surface shape due to its rotation. How
ever, an interesting phenomenon can be observed in the time shift va
lues, which are positive for the regimes wi th SFR = 0 and 0.3 but 
change to negative values for SFR = 0.6 and 0.7. A negative value 
corresponds to a downwards movement in the swirl chamber. This re
sult was unexpected and suggests the presence of a large rotating vortex 
which modifies the motion of the surface waves. Nevertheless, this 
should be investigated further e.g. using numerical simulations. Note 
here, that the cross-correlation method performed on the discharged 
l iquid sheets show negative time shift values for a l l tested regimes and 
atomizers, but yields much higher correlation coefficients. The cross-
correlation performed inside the exit orifice demonstrates a rapid 

1.0-1 

0 .9 -

0 .8 -

(U 0 .7 -
o 
ti= 
CD 

0 .6-
O 
U 0 .5 -
o 

ro 0.4-
CD 

b 0 .3 -
o 

0 .2 -

0.1 -

0 .0 -

C22 C8B1 
SFR = 0.0 - — SFR = 0.0 
SFR = 0.3 SFR = 0.3 
SFR = 0.6 — SFR = 0.6 
SFR = 0.7 SFR = 0.7 

1 1 1 1 1 1 1 
0.0 0.5 1.0 1.5 2.0 

D i s t a n c e f r o m d [mm] 

2.5 3.0 

Fig. 
Pi = 

11. Correlation coefficient as a function of distance from dacc position. 
6 kPa. 

7 



M. Maly, et al. Experimental Thermal and Fluid Science 119 (2020) 110210 

1.2-, 

1.0-

0.8 

l " 0.6 

I 0.4 
vi 
" 0.2 

CO 0.0 

-0.2 

-0.4 

-0.6 

S F R = 0.0 
SFR = 0.3 
SFR = 0.6 
S F R = 0.7 

SFR = 0.0 
SFR = 0.3 
S F R = 0.6 
S F R = 0.7 

0.0 0.5 1.0 1.5 2.0 

D i s t a n c e f rom d [mm] 

2.5 3.0 

Fig. 12. Temporal shift of surface waves as a function of distance from dm 

position, pi = 6 kPa. 

1.4 

1.3 

1.2 

1.1 -

1.0-

E" 0.9 
E 

0.7 

0.6 

0.5 

0.4 

0.3 
0.4 O.f O.i 1.4 1.6 1.0 1.2 

L tm m] 
Fig. 13. Comparison of the measured and calculated t from Eq. (8). 

movement of the surface waves since the time shift was virtually zero 
along the whole exit orifice length for a l l cases tested. 

The inserts inside the swirl-chamber used in the C8B1, C8B2 and 
C14R atomizers change the air-core behaviour, e.g. in the case of the 
C8B1 atomizer at SFR = 0 the air-core occasionally splits into several 
parts. The overall stability of the air-core for these atomizers was lower 
compared to their base variants, see C8B2 in Figure 8 and C14R in 
Fig. 10. This result was unexpected since the shorter air-core should be 
rather more stable as described in [14]. The CD of these atomizers was 
slightly higher than their base variants, which agrees wel l wi th the less 
stable air-core. The only beneficial effect is a higher resistance to the air 
leakage, which may be important in applications where the SL is con
nected directly to the pump suction to recover a portion of ps energy. 

A i r leakage through the SL line is often one of the l imit ing factors of 
spill-return atomizers as the air may feed into the pump inlet. In this 
paper, the presence of air inside the SL was visually observed through a 
transparent SL tube. The only atomizer which leaked air was the CC 
atomizer under the operating condition of pt > 6 kPa and SFR > 0.6. 
This was expected since the air-core penetrates through the SL orifice 
and brings air into the SL. The other atomizers had to be tested under 
more extreme conditions to reveal their limits. First, the operating re
gime was set to pt = 3 kPa and ps = 0 kPa. Then the ms was kept 
constant and pin was reduced until the air bubbles were observed inside 
the SL. The C22 atomizer shows the greatest leak resistance, which has 
to be operated atp; = 0.2 kPa and SFR > 0.9 and the l iquid has to be 
sucked from the SL at ps = -3 kPa. On the other hand, for the C8 ver
sion, the leakage was observed atpj = 2 kPa and SFR = 0.8, which is 
still much better than CC version. The atomizer wi th inserts - C8B1, 
C8B2 and C14R - show a greater air leak resistance compared to their 
base variants. The air leakage can practically occur for a l l possible 
geometries of the spill-return atomizers and their resistance must be 
checked experimentally dependent on the application. 

3.3. Spray cone angle and liquid sheet stability 

The l iquid sheet thickness, t, is one of the crucial parameters which 
determines the sheet breakup mode [3] and the subsequent sizes of the 
droplets in the spray. It is easily calculated i f the air-core diameter is 
known just by subtracting the measured air-core radius from the exit 
orifice radius. In addition, the inviscid analysis can provide an estimate 
on the value of t, but some correction factors must be applied, as 
mentioned above. If no direct measurement of dace can be performed, 
then t could be also estimated from the continuity equation: 

where Ui is axial velocity of the l iquid sheet inside the exit orifice. 
Determination of Ui is the crucial aspect here. For practical applica
tions, it is convenient to approximate Ui from the axial velocity of the 
discharged l iquid sheet, which can be easily measured using cross-
correlation of high-speed images using e.g PlVlab®, or Laser/Phase 
Doppler Anemometry. The relationship between the PlVlab® and Laser 
Doppler measurement was discussed in [4], where both the approaches 
were found to be reliable wi th differences of less than 2%. However, the 
moving waves on the l iquid sheet can bias the results from image cross-
correlation methods, as described in [30]. Therefore, the regimes wi th a 
very smooth l iquid sheet emerging at lowpj may cause errors in velocity 
values in the range of several percent. The correlation between the 
measured, tm and calculated, tc, values is shown in Fig. 13. It is evident 
that the calculated values are comparable wi th measured values, but 
there is a notable separation of the data according to pt. Moreover, the 
calculated results underestimate, on average, the l iquid sheet thickness 
by a constant value of 0.2 mm. The approximated velocity Ui would 
therefore be greater than the real velocity of the l iquid sheet. It can be 
explained by the presence of boundary layers on the air-core interface 
and near the atomizer wal l . Also, the low pt regime may exhibit a more 
laminar flow profile and therefore the bias is larger. This approach is 
suitable for higher Re and it gives rather an estimate i n l iquid sheet 
thickness. 

The SCA was evaluated from images obtained from the high-speed 
imaging. Since the only geometrical variation among the atomizers 
tested is the position of the SL orifices, the change in the SCA is only 
possible through the change of the swirl to axial momentum ratio, 
which varies wi th SFR. This phenomenon has been addressed in several 
papers [4,17,20]. Assuming the reduced kr, the correlations established 
for the Simplex atomizers can also be used for the spill-return version. 
The widely used correlation proposed by Rizk and Lefebvre for the 
Simplex atomizers [31]: 

SCA = Bkü PidoPi 

(9) 

: np,Ult(d0 - t), (8) 

where klr = Ap, 
experimental constant, and it is set here as B = 10 while in [31] it has a 
value of 6. The difference may partially result from the different mea
surement method used here. In our recent paper [4], a simple empirical 
correlation for the SCA of small spill-return atomizers was proposed 
with variance on SFR and pt solely. Note that both the variables have 
almost identical exponents in [4] where SCA <xpi01 and ( 1 - S F R ) ~ 0 1 5 as 
presented in Eq. (9), which were originally derived for Simplex ato
mizers. The fit quality for a l l combinations and regimes is R 2 = 0.89, 
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see Fig. 14. The SCA is almost identical for all the atomizers except the 
unstable CC and C8C for SFR = 0 and the same p,. The SCA calculation 
according the inviscid theory over predicts its value similarly as i n [8,9] 
and also neglects the effect of pi. Hence, it has little practical applic
ability and it is not discussed here for brevity. 

The spray stability was evaluated using the SD of the SCA. The 
unstable regimes reach an SD of about 10°, which corresponds to a 
significantly fluctuating spray. The SD is weakly dependent on the dpc, 
since the C8 atomizer reaches 3.5° and it decreases to 2.5° for the C15 
and C22 atomizers for SFR = 0. However, for SFR > 0.6, the spray 
fluctuations increase by 60% for a l l atomizers. 

The scaled atomizers used here ensures similar conditions of the 
internal flow as i n the original version [15], but the Weg, which governs 
the nature of the l iquid sheet breakup, is not replicated here and so the 
breakup is not directly comparable. In addition, the breakup point lies 
beyond the recorded image frame height. Thus, the discharged l iquid 
sheet is discussed by means of the temporal stability just downstream 
from the exit orifice. The Weg reaches values in the range from 0.02 to 
0.50 wi th a dependency on SFR andp;, which are an order of magnitude 
lower than those investigated in [4] and also much lower than the 
critical Weg value of 27/16. Therefore, the long wave breakup should 
occur for each operating regime. 

Temporal wave oscillations can be obtained by fixing a location and 
observing the surface change as a function of time. In this way, spatio-
temporal diagrams of the l iquid sheet and air-core were obtained, 
where each vertical line corresponds to a fixed line from the high-speed 
images at different time steps. The spatio-temporal diagram in Fig. 15 
shows the l iquid sheets discharged from three different atomizers op
erated under the same condition: pt = 3 kPa and SFR = 0.0. As the 
surface wave propagates downstream, its amplitude increases, but the 
frequency remains the same which was confirmed by cross-correlation 
evaluation of the discharge l iquid sheet and it agrees wi th findings in 
[32]. For the sake of simplicity, only one axial position, as shown in 
Fig. 3, is discussed here. The most unstable pattern shown in Fig. 15 top 
was produced by the CC and C8C atomizers. It is characterised by large 
surface wave amplitude and a wide range of frequencies. The more 
stable mode, middle figure, has much lower amplitudes but still rela
tively high frequencies of surface waves. This mode was generated by 
the whole C8 series, C9 and C14R atomizers. The only stable mode 
(bottom figure) has a very smooth surface wi th small disturbances at a 
very low frequency. This mode is likely to be the only one which results 
in the long wave breakup mode as described in [4]. It diminishes wi th 
Pi > 6 kPa even for the most stable atomizers, C15 and C22. 

Since the operation conditions such as Re and Weg are virtually 
identical, the stability difference has to be linked wi th the internal air-
core stability. A similar conclusion was proposed in [4], where two 
different atomizers, operated under identical conditions, demonstrated 
both short and long wave breakup-modes and also produced a spray 
with different droplet sizes. The change in the breakup mode was at
tributed to the differences i n the ini t ial amplitude and frequency of the 
l iquid sheet surface waves. To test this hypothesis, the air-core fluc
tuations are correlated wi th the l iquid sheet fluctuations. The relative 
SD of the l iquid sheet thickness wi th in the exit orifice represent the 
internal fluctuations. It was obtained by measuring the SD of l iquid 
sheet divided by the l iquid sheet thickness, t. These data are compared 
with the spray fluctuations, represented by a relative SD of the spray 
width at given axial distance, dsc. The correlation of both measures is in 
Fig. 16. Despite only a moderate R2, it is obvious that the init ial ly un
stable l iquid destabilizes the discharged sheet. This confirms our pre
vious hypothesis that the internal fluctuations affect the l iquid sheet. 
Note that in Fig. 16, there is no stable regime for p; = 12 kPa which 
corresponds wi th a prior discussion as regards the stable l iquid sheet 
modes. A partial correlation using a constant pi returns R2 = 0.60, 0.77 
and 0.4 forpj = 3, 6 and 12 kPa respectively. The correlations of the 
frequency spectra are described in the following section of this paper. 

3.4. Air-core and liquid sheet dynamics 

Two atomizers wi th a relatively stable air-core but wi th different 
l iquid sheet breakup patterns were subjected to a frequency analysis of 
the air-core and l iquid sheet fluctuations. The stable atomizers are re
presented by the C22 versions and a partially unstable by the C8B1, 
both were operated atp; = 6 kPa, SFR = 0.0. This regime was selected 
due to the more prominent wave amplitudes than reported in Fig. 15. 
Both atomizers achieved almost identical flow-rates and mean air-core 
diameters. The spatio-temporal diagrams of the air-core and l iquid 
sheet are shown in Fig. 17. Note, that the air-core surface, at a given 
time step, is very smooth - see Fig. 8, but its shape is rapidly changing 
in the temporal domain. Since the air-core is not perfectly cylindrical , it 
changes its diameter and position slightly during each revolution and, 
due to the finite camera frame-rate, a sharp change in the temporal 
domain can occur. 

For both atomizers, the air-core diameters are seen to expand and 
contract in the swirl chamber, dacc, but this behaviour diminishes 
within the exit orifice. To quantify the fluctuating frequency, an FFT 
was applied to the data of air-core and discharged l iquid sheet width 
changes, which corresponds to the contractions and expansions, and 
boundary movement which also captures the spatial dislocation of the 
air-core or l iquid sheet. A binomial smoothing filter was applied on the 
FFT signal for clarity, see Fig. 18. Despite a relatively strongly fluctu
ating l iquid sheet, no dominant frequency or wave mode was ob
servable here. Similarly, rather random waves are observed for the rest 
atomizers and regimes. A comprehensive study of l iquid sheet waves 
was performed [32], where the dominant wave frequency was obtain
able only for relatively high-viscous liquids, which is not the case here. 
The waves wi th frequencies up to 100 Hz are dominant on both the 
l iquid sheet width and edge. These waves are related to the air-core 
spatial movements rather than wi th the diameter fluctuations, see dacc 

and dace in the bottom part of Fig. 18. The frequency peaks for the air-
core expansion/contraction for dacc are located at 175 and 303 ± 3 Hz 
and they are identical for both the atomizers. However, their ampli
tudes diminish rapidly wi th in the exit orifice. 

The only notable difference between the stable and partially un
stable atomizer are the high-frequency waves, present on the l iquid 
sheet in the case of C8B1 atomizer, see the frequency range of 
500-1000 Hz. These waves are insignificant in the case of the C22 
atomizer. The high-frequency waves may be responsible for the short
wave breakup mode, observed in [4]. Nevertheless, detection of these 
fluctuations on the dace is difficult due to their small amplitudes, rapid 
changes and very low contrast. 
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Fig. 15. The spatio-temporal diagrams for three typical breakup patterns, pt = 3 kPa, SFR = 0.0. Top: CC atomizer, middle: C8 atomizer, bottom C22 atomizer. 
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Fig. 16. Correlation of the internal liquid sheet and discharged liquid fluctua
tions. The regimes without developed air-core are excluded. 

3.5. Velocities inside the swirl chamber 

A l l three velocity components were measured using the LDA. Since 
the swirl velocity is similar across the whole swirl chamber height 
[10,15,33], only one cross-section is subject to analysis. The selection of 
the cross-section was based on the best optical transmission of the laser 
beams paths through the atomizer body. The beams for measurement of 
the axial velocity component could be distorted by the surface inter
faces of the model body. 

The atomizers wi th the stable air-core show a relatively sharp 
maximum in the swirl velocity profiles, W, which was located near to 
the air-core surface. This corresponds wel l wi th other observations 
[15,19] and it is typical for a Rankine vortex, where the air-core be
haves like a rotating solid body and the swirl velocity decreases wi th 
distance from the rotating centre. The relative swirl velocity profiles 
were almost identical for a l l the pressure regimes and thus only data for 
Pi = 6 kPa are discussed here for clarity. Wi th increasing SFR, the ve
locity wi th in the inlet port, vp, increases but the swirl velocity 

component rather remains similar. Thus, the relative velocity is de
creasing. In addition, due to a larger dac, the velocity maximum is 
shifted from the swirl chamber centre line. When the different atomi
zers are compared, the swirl velocity component depends mainly on the 
air-core presence. If the air-core is not developed, the swir l velocity 
reaches a lower and flatter maximum, see the case of the CC and C8C 
atomizer in Fig. 19. Wi th increasing SFR, the air-core inside the CC 
atomizer stabilizes and the atomizer behaves similarly to the rest. Only 
minor variations are to be found among the stable atomizers. The value 
of W can be calculated simply i f an inviscid flow is assumed. Then W 
varies across the swirl chamber for a Rankine vortex as Wr = constant. 
However, this equation over predicts the W since it neglects the viscous 
losses. Khavkin [22] suggested a simple modification as 
Wr* = constant, where y is an empirical constant, which can be phy
sically interpreted as an approximation of hydraulic losses [22]. The 
value of y reaches 0.88 for SFR = 0 wi th virtually no difference among 
the tested atomizers. It decreases wi th SFR as y = 0.8 for SFR = 0.6 and 
y = 0.65 for SFR = 0.7. This sharp decrease indicates exponentially 
increasing hydraulic losses wi th increasing SFR. Note here, that the 
Khavkin's approach matched the measured swirl velocity wel l up to 
r = ra/rc. The flow complexity in the zone near the air-core is high [10], 
and the viscous effect plays a more dominant role there. Furthermore, 
the precision of the measured data is affected by the light reflections 
from the air-core surface. 

The measured turbulence intensity of the swirl velocity component 
(TI) reaches minimum values of about 7% at the half radius of the swirl 
chamber, r = r c / 2 , and it increases towards the walls or the air-core. 
Comparable values were obtained for all regimes wi th only a slight 
trend where the TI rather decreases wi th SFR and pt. Note here that the 
L D A tends to overestimate the TI due to the relatively long measure
ment volume and also to the fact that periodic oscillations can be 
considered falsely as turbulence. 

The axial velocity component, U, reaches two local maxima, the first 
one is located close to the swirl chamber wa l l while the second one, 
which is more prominent, lies near the air-core interface. This wal l 
maximum is almost independent of the SFR, pt and the atomizer used 
and reaches values of about 0.25v p. The maximum at the air-core is 
decreasing wi th SFR as a results of lower m i l v . The local minimum of U 
for positions located around r s / 2 even show negative values for SFR 
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= 0.6 and 0.7. This indicates the presence of a large rotating vortex 
within the swir l chamber and it agrees wel l wi th a change in direction 
of the time shift from the cross-correlation results. This min imum was 
found for a l l the atomizers and pt but the unstable C8C exhibits the 
lowest U values. 

and can be considered as almost negligible so it is not shown here for 
brevity. It reaches maximum values of about 0.2vp near the air-core and 
rapidly decreases to values of roughly 0.05v p wi th in the rest of the swirl 
chamber wi th the velocity direction towards to the swirl chamber 
centreline. Moreover, the measurement uncertainty of the radial velo-

The radial velocity was found to be very low compared to U and W city at the position near the air-core interface is relatively high due to 
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Fig. 18. The FFT of the air-core width (top) and edge (bottom). The C22 (left) and C8B1 (right) atomizers. 
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Pi = 6 kPa, SFR = 0.6, various atomizers. The ratio r„/r c marks the position of the exit orifice. 

positioning error, which may result in occasional measurements of a 
partial swirl velocity component. This error diminishes wi th distance 
from the atomizer centre line. No correlation of frequency spectra be
tween measured velocity fluctuations and the air-core temporal surface 
dislocations was found. 

4. Conc lus ions 

Experimental investigations on 12 transparent Spill-return pressure-
swirl atomizers were performed using high-speed imaging and Laser 
Doppler Anemometry. A scaled transparent P M M A model of a modular 
construction was used. To overcome optical distortions, refractive index 
of the atomizer body and the working l iquid was matched using a so
lution of JET A l and 1-Bromonaphthalene. 

The reduced area of the inlet ports was used to modify the inviscid 
analysis originally derived for the Simplex atomizers. The modified 
analysis was used for predictions of CD and air-core diameter in the 
Spill-return atomizer. The measured Co was higher, approximately by 
16%, due to viscous friction, which reduced the air-core diameter 
compared to the inviscid assumption. Furthermore, the reduced area of 
the inlet port can be used in the empirical correlations, derived for 
Simplex atomizers. Its predictive capability was proven for estimates of 
the spray cone angle. 

The turn-down ratio, the ratio between the minimum and maximum 
injection flow rates, was found to be affected by the pitch circle dia
meter, dpc, on which the spill-line (SL) orifices were located. A n increase 
in dpc reduces the turn-down capability. The spray cone was stable for 
all atomizers, except the CC and C8C versions, which featured a central 
SL orifice. These atomizes have no air-core inside the swirl-chamber. 
The cylindrically shaped air-core, wider in its diameter wi th in the exit 
orifice than in the swirl chamber, was found for a l l the other atomizers. 
The air-core diameter increases linearly wi th spil l to feed ratio, SFR, 
while the difference between the air-core diameters inside the swirl 
chamber and the exit orifice decreases wi th SFR. 

Inserts in the swirl chamber, which aim to reduce the air-core 
length, destabilise the air-core and provide no beneficial effect apart 
from a slightly increased resistance to air-leakage through the spill-line. 
Tangential inclination of the SL orifices changes the pressure difference 
losses through the SL orifice and can enhance regulation of pressure 
setting or increase the maximum turn-down capability, but wi th a de
pendence on inclination direction. 

The measured l iquid sheet thickness, t, was compared wi th the 
calculation based on the Continuity equation but using the axial velo
city of the discharged l iquid sheet instead of the axial velocity of the 
l iquid sheet wi thin the exit orifice. The correlation between measured 
and calculated values of t proved, that t can be estimated but validation 
by direct measurement is sti l l recommended. 

The temporal characteristics of the air-core and discharged l iquid 
sheet were examined in detail for two atomizers. High-frequency waves 
were found for the partially unstable atomizer. A n FFT analysis d id not 
reveal any dominant frequency, for neither the air-core nor the l iquid 
sheet, but showed slightly higher magnitudes of air-core fluctuations for 
the C8 atomizer. The high-frequency waves may cause changes in the 
l iquid sheet breakup mode, as described in [4]. 

CRediT authorship con t r ibu t ion statement 

M i l a n M a l y : Conceptualization, Investigation, Data curation, 
Writ ing - original draft, Wri t ing - review & editing, Visualization. 
Ondrej Cejpek: Investigation. M a r c e l Sapik: Resources, Methodology. 
V l a d i m i r Ondracek: Resources, Methodology. G r a h a m Wig ley : 
Supervision. Jan Jedelsky: Conceptualization, Supervision, Funding 
acquisition, Project administration. 

Dec la ra t ion of Compe t ing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to 

12 



M. Maly, et ah Experimental Thermal and Fluid Science 119 (2020) 110210 

influence the work reported in this paper. 

Acknowledgements 

The authors acknowledge the financial support from the project No. 
18-15839S funded by the Czech Science Foundation and the project 
"Computer Simulations for Effective Low-Emission Energy 
Engineering" funded as project No. CZ.02.1.01/0.0/0.0/16_026/ 
0008392 by Operational Programme Research, Development and 
Education, Priority axis 1: Strengthening capacity for high-quality re
search. 

References 

[1] A.H. Lefebvre, V.G. McDonell, Atomization and sprays, CRC Press, 2017. 
[2] J.J. Chinn, D. Cooper, A.J. Yule, G.G. Nasr, Stationary rotary force waves on the 

liquid-air core interface of a swirl atomizer, Heat Mass Transf. 52 (10) (2015) 
2037-2050. 

[3] Q.-F. Fu, L.-J. Yang, Y.-Y. Qu, B. Gu, Linear stability analysis of a conical liquid 
sheet, J. Propul. Power 26 (5) (2010) 955-968. 

[4] M. Maly, M. Sapik, O. Cejpek, G. Wigley, J. Katolicky, J. Jedelsky, Effect of spill 
orifice geometry on spray and control characteristics of spill-return pressure-swirl 
atomizers, Exp. Therm Fluid Sei. 106 (2019) 159-170. 

[5] P.K. Senecal, D.P. Schmidt, I. Nouar, C.J. Rutland, R.D. Reitz, M.L. Corradini, 
Modeling high-speed viscous liquid sheet atomization, Int. J. Multiph. Flow 25 (6) 
(1999) 1073-1097. 

[6] A. Ibrahim, Comprehensive study of internal flow field and linear and nonlinear 
instability of an annular liquid sheet emanating from an atomizer, PhD Thesis, 
University of Cincinnati, 2006. 

[7] G.I. Taylor, The Mechanics of Swirl Atomizers, International Congress of Applied 
Mechanics, London, 1948, pp. 280-285. 

[8] J.J. Chinn, An appraisal of swirl atomizer inviscid flow analysis, Part 1: The prin
ciple of maximum flow for a swirl atomizer and its use in the exposition and 
comparison of early flow analyses, Atomization Sprays 19 (3) (2009) 263-282. 

[9] J.J. Chinn, An appraisal of swirl atomizer inviscid flow analysis, part 2: inviscid 
spray cone angle analysis and comparison of inviscid methods with experimental 
results for discharge coefficient, air core radius, and spray cone angle, Atomization 
Sprays 19 (3) (2009) 283-308. 

[10] E. Wimmer, G. Brenn, Viscous flow through the swirl chamber of a pressure-swirl 
atomizer, Int. J. Multiph. Flow 53 (2013) 100-113. 

[11] S. Som, S. Mukherjee, Theoretical and experimental investigations on the formation 
of air core in a swirl spray atomizing nozzle, Appl. Sei. Res. 36 (3) (1980) 173-196. 

[12] E.J. Lee, S.Y. Oh, H.Y. Kim, S.C. James, S.S. Yoon, Measuring air core characteristics 

of a pressure-swirl atomizer via a transparent acrylic nozzle at various Reynolds 
numbers, Exp. Therm Fluid Sei. 34 (8) (2010) 1475-1483. 

[13] S. Moon, E. Abo-Serie, C. Bae, Air flow and pressure inside a pressure-swirl spray 
and their effects on spray development, Exp. Therm Fluid Sei. 33 (2) (2009) 
222-231. 

[14] S. Kim, T. Khil, D. Kim, Y. Yoon, Effect of geometric parameters on the liquid film 
thickness and air core formation in a swirl injector, Meas. Sei. Technol. 20 (1) 
(2009). 

[15] M. Maly, J. Jedelsky, J. Slama, L. Janackova, M. Sapik, G. Wigley, M. Jicha, Internal 
flow and air core dynamics in Simplex and Spill-return pressure-swirl atomizers, 
Int. J. Heat Mass Transf. 123 (2018) 805-814. 

[16] N.K. Rizk, A.H. Lefebvre, Drop-size distribution characteristics of spill-return ato
mizers, J. Propul. Power 1 (1) (1985) 16-22. 

[17] N.K. Rizk, A.H. Lefebvre, Spray characteristics of spill-return atomizers, J. Propul. 
Power 1 (3) (1985) 200-204. 

[18] X.F. Dai, A.H. Lefebvre, J. Rollbuhler, Spray characteristics of a spill-return airblast 
atomizer, J. Eng. Gas Turbines Power 111 (1) (1989) 63-69. 

[19] M. Löffler-Mang, W. Leuckel, Atomization with spill-controled swirl pressure-jet 
nozzles, ICLASS (1991) 431-440. 

[20] G.G. Nasr, A.J. Yule, J.A. Stewart, A. Whitehead, T. Hughes, A new fine spray, low 
flowrate, spill-return swirl atomizer, Proc. Inst. Mech. Eng., Part C: J. M. Eng. Sei. 
225 (4) (2011) 897-908. 

[21] G. Slowik, J. Kohlmann, A swirl controlled hollow cone nozzle and its technical 
applications, ICLASS06, 2006. 

[22] Y. Khavkin, The Theory and Practice of Swirl Atomizers, Taylor & Francis, 2004. 
[23] F.H. Carey, The development of the spill flow burner and its control system for gas 

turbine engines, J. Royal Aeronautical Soc. 58 (1954) 737-753. 
[24] Z. Zhang, LDA Application Methods: Laser Doppler Anemometry for Fluid 

Dynamics, Springer, 2010. 
[25] J.J. Chinn, The numerics of the swirl atomizer, ILASS, 2008, p. 7. 
[26] E. Giffen, A. Muraszew, The Atomization of Liquid Fuels, Chapman & Hall, 1953. 
[27] L. Craig, N. Barlow, S. Patel, B. Kanya, S.P. Lin, Optimal and nonoptimal flows in a 

swirl atomizer, Atomization Sprays 19 (12) (2009) 1113. 
[28] M. Halder, S. Dash, S. Som, Initiation of air core in a simplex nozzle and the effects 

of operating and geometrical parameters on its shape and size, Exp. Therm. Fluid 
Sei. 26 (8) (2002) 871-878. 

[29] G. Amini, Liquid flow in a simplex swirl nozzle, Int. J. Multiph. Flow 79 (2016) 
225-235. 

[30] K.S. Siddharth, M.V. Panchagnula, T.J. Tharakan, Feature correlation velocimetry 
for measuring instantaneous liquid sheet velocity, J. Fluids Eng. 139 (9) (2017) 
091401. 

[31] N.K. Rizk, A.H. Lefebvre, Prediction of velocity coefficient and spray cone angle for 
simplex swirl atomizers, Int. J. Turbo Jet Engines 4 (1-2) (1987) 65-74. 

[32] S. Yao, J. Zhang, T. Fang, Effect of viscosities on structure and instability of sprays 
from a swirl atomizer, Exp. Therm. Fluid Sei. 39 (2012) 158-166. 

[33] A.J. Yule, J.J. Chinn, The internal flow and exit conditions of pressure swirl ato
mizers, Atomization Sprays 10 (2) (2000) 121-146. 

13 



10.4 Paper IV 

86 



Comparison of numerical models for prediction of pressure-swirl atomizer internal flow 
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Abstract 
Numerical prediction of discharge parameters allows to design a pressure-swirl atomizer in fast and 
cheap manner. At the same time, the numerical approach must provide reliable results for a wide range 
of geometries and operating regimes. Many authors used different numerical setups for similar cases 
and often concluded opposite suggestions on turbulence model selection. This paper compares 2D 
axisymmetric, 3D periodic and 3D numerical models used for estimation of the internal flow 
characteristics of a pressure-swirl atomizer. The computed results are compared with experimental data 
in terms of spray cone angle (SCA), discharge coefficient (Co), internal air-core dimensions, and 
velocity profiles. 
The three-component velocity was experimentally measured using a Laser Doppler Anemometry in a 
scaled transparent model of the atomizer. The internal air-core was visualized at high temporal and 
spatial resolution by a high-speed camera with backlit illumination. Tested conditions covered a wide 
range of the Reynolds numbers within the inlet ports, Re = 1000, 2000, 4000. 
The internal flow was numerically treated as both steady and transient two-phase flow. Both approaches 
yield similar results when time-averaged. The gas-liquid interface was captured with Volume of Fluid 
scheme. The numerical solver used laminar and several turbulence models, represented by k-s and k-co 
models, Reynolds Stress model (RSM) and Large Eddy Simulation (LES). The laminar solver was 
capable to predict the Co, air-core dimensions and velocity profiles with an error less than 5% compared 
with the experimental results in both 2D and 3D simulation for the whole range of Re. The LES model 
performed similarly to the laminar solver for low Re but was superior for Re = 4000. The two-equation 
models k-s and k-co were sensitive to proper solving of the near wall flow and were not accurate for low 
Re except for the k-s model, which returned valid results for Re = 4000. The 3D periodic simulation 
with steady laminar model is the most cost-effective combination. 

Introduction 
Pressure - swirl atomizers (PS) have a unique role in many industrial applications including combustion, 
spray cooling, spray drying, etc. A relatively simple geometrical design, resistance to clogging, wide 
spray cone angle and high atomization efficiency are among the favourable parameters. A typical PS 
atomizer contains tangential entry ports and a swirl chamber with an exit orifice. The liquid is fed via 
tangential ports into the swirl chamber where it gains high swirl velocity. The swirling liquid is 
discharged from the exit orifice in the form of a hollow conical liquid sheet which consequently 
disintegrates into filaments and ligaments. A ratio of the swirl to axial momentum determines the spray 
cone angle (SCA). Despite the simple geometry, the internal flow behaviour is complex. The swirling 
liquid creates a low-pressure zone along a centre line of the swirl chamber where the static pressure 
usually drops below the ambient pressure, and the air from the surrounding atmosphere is pulled inside 
the low-pressure zone, so an air-core is formed. The internal vortex behaves as a Rankine vortex since 
the swirl velocity has its maximum located at the air-core surface which behaves like a virtual solid 
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cylinder [1]. Secondary flow effects, as Gortler vortices, could be also presented in a boundary layer 
inside the swirl chamber [2, 3]. 
It is well known that the internal flow directly affects the parameters of the discharged liquid sheet, 
such as its thickness, stability, velocity, and SCA. These parameters consequently determine the sizes 
of ligaments and droplets. To understand the link between the atomizer performance and its design, the 
internal flow must be examined. Some authors used the exact analytical solution to predict the discharge 
parameters. Simple non-viscous treatment, reviewed in [4, 5], proved to be a useful tool for a basic 
insight into the flow behaviour, but it lacks accuracy for some atomizer geometries. A better agreement 
can be achieved when the viscous flow is assumed [6, 7], but still some aspects such as the liquid sheet 
temporal stability or secondary flow effects, are not resolved and their mathematical description is very 
extensive. 
On the other hand, the numerical simulation has arisen in recent years due to an increase in a 
computational performance, and many commercial software are available in the market. These software 
tools for numerical simulations of the flow dynamics could be simply applied for the internal flow of 
the PS atomizer. However, many different geometrical, numerical and physical setup combinations can 
be used for the same atomizer and operating conditions. However, the numerical results should be still 
validated by an experiment. 
In the past, many authors performed a CFD simulation of the internal flow of PS atomizer. An overview 
of some published papers is presented in Table 1. One of the first numerical studies of the PS atomizer 
was conducted in 1997 by Yule and Chinn [8]. They used a 2D axisymmetric geometry with a laminar 
solver and reported a deviation of discharge coefficient, Co, from an experimental data to be less than 
3%. A similar numerical setup was later used by Amini [6]. Even this simple 2D model yield better 
agreement with the experimental data than the analytical viscous solution. Note here that the author used 
the laminar solver even for values of Reynolds number within the inlet port, Re = 122,000. The complex 
nature of the internal flow does not allow for a simple conclusion whether the flow is turbulent or 
laminar, and many authors claim an opposite conclusion. A theoretical evaluation of turbulence 
evolution within the swirl chamber was made by Yule and Chinn [9, 10] who suggest that the flow is 
laminar even for very high Re due to the laminarization effect of the swirl dominant flow itself and also 
due to very short length scale where the turbulence has no time to develop. 
A comparison of Large Eddy Simulation (LES) and laminar models was performed by Madsen et al. 
[11]. They used a scaled atomizer and operated it in range of Re= 12,000-41,000. Under these 
operating regimes, the laminar model had a slightly better agreement to the experimental data than LES. 
The authors also examined simple turbulence models represented by R N G and realizable k-s models. 
However, these models were unable to predict the internal air-core. Galbiati et al. [12] compared the 
LES simulation with R N G k-s and R S M models. They found an insignificant variation among the used 
models when compared to the deviation in the results from published empirical correlations. They also 
noted that the flow field was consistent for LES and k-s model, while, surprisingly, the R S M had some 
discrepancies. Note here that the authors claim that the internal flow is fully turbulent based on Walzel 
Reynolds number, Rew, defined as: Rew = ^2piPid0/fa, since it was much larger than a critical value 
of 5,000. However, the calculated Re = 1,700-3,800 assumes a rather laminar flow. Qian [13] found 
R S M to be superior over the laminar model at Re = 16,000, while Nouri-Borujerdi [14] found opposite 
conclusions for even larger Re in range of 18,000-40,000. 

Baharanchi et al. [15] examined several schemes to capture the liquid-air interface using a 2D 
simulation with R N G k-s turbulence model. A geo-reconstruct scheme was found to be the most suitable 
for capturing the air-core. They also discussed the necessity to model a surface tension and found that 
the surface tension had effect only i f the Weber number is smaller than 204. From a practical point of 
view, it had a negligible effect on the developed flow. However, it affects the flow development process. 



The difference between 2D and 3D computational models was examined by Sumer et al [16]. They used 
the laminar solver and found that the air-core diameter was about 5% smaller in the case of the 3D 
model. However, the frequency of waves on the air-core surface was predicted by both models closely 
and with good agreement to the experimental data. Vashahi et al. [17] compared RANS models k-s and 
k-co. The k-co outperforms the k-s in the SCA prediction and convergence speed. 

Table 1 Review of published numerical setups 

Author Software 2D/3D Transient 
/steady 

Turbulence 
model 

Interface Re 

Shaikh [18] Fluent 2D, 3D Laminar VOF Geo-
rec 

1000 

Laurila [19] OpenFOAM 3D Full Transient Implicit LES VOF Geo-
rec. 

420-5300 

Galbiati [12] 3D Full Transient LES, RSM, 
k-s R N G 

V O F 1700-3800 

Ghate [20] Fluent 2D Transient RSM V O F PLIC 7 x l 0 3 -
2*104 

Ibrahim [21] Fluent 2D R S M VOF Geo-
rec 

5*10 3-
5*104 

Amini [6] Fluent 2D Steady Laminar V O F 10 4-10 5 

Dikshit [22] 3D Steady k-s V O F ~104 

Madsen [23] Fluent, C F X 3D Laminar, 
LES 

V O F 10 4 -4xl0 4 

Bazarov [24] C F X 3D Steady k-s V O F >104 

Sumer [25] Fluent 2D, 3D Transient Laminar V O F HRIC l , 2x l0 4 

Qian [13] OpenFOAM 2D Laminar, RSM VOF LS 
coupled 

~ l , 6 x l 0 4 

Nouri- 2D Steady Laminar, Level set 1,8 x l O 4 -
Borujerdi [14] /transient R S M 4 x l 0 4 

Marudhappan Fluent 2D, 3D Laminar VOF HRIC ~2x l0 4 

[26] 
Baharanchi 2D Transient £-eRNG V O F ~2,5xl0 4 

[15] 
Mandal [27] Fluent 2D Laminar V O F ~4x l0 4 

Vashahi [17] CCM+ 3D Steady k-s, k-co VOF HRIC 

From the overview in Table 1, no clear conclusion can be made on the physical model selection, as both 
laminar and turbulence approaches were used by different authors for the entire range of Re. The most 
commonly used turbulence models are from the k-s family and represented by realizable and 
renormalization group theory, RNG, models. The Reynolds stress model, RSM, is also widely used; the 
authors reported contradictory conclusions. The air-core interface is usually captured by Volume of 
Fluid (VOF) models. 
Both the 2D and 3D simulation seems to provide accurate results; however, no comparison of the 
periodic 3D and full-scale 3D mesh was found. The majority of the 3D simulations used meshes, which 
contain tangential ports. This slows the mesh creation process, since the cells near the wall are usually 
very skewed. To overcome this, a no-port version is introduced here with the aim to provide a simpler 
and faster mesh creation process. Moreover, steady and transient approaches are compared here. This 



paper aims to provide an overview of numerical setup for CFD prototyping of small pressure-swirl 
atomizers. The data presented here are validated by a comprehensive experiment performed in a wide 
range of Re from 1000 to 4000, which corresponds to a 16-times increase in the inlet pressure,/?/. 

Experimental and numerical setup 
The experiments were performed at specially designed facility for cold atomizer testing at Brno 
University of Technology, Czech Republic. A similar experimental setup was also used in our previous 
study where it is described in greater detail [28], 

The atomizer design and test bench 
The atomizer geometry was derived from a small-sized atomizer studied in our previous work [29]. 
However, three ports are used to improve the circumferential periodicity of the atomizer. The swirl 
chamber has a different converging part to aid manufacturing and mesh creation simplicity. The 
atomizer is manufactured as ten times scaled copy since the small dimension of the original atomizer 
does not allow for direct optical measurement. The transparent parts of the atomizer are made from cast 
polymethyl methacrylate, P M M A , which were ground and polished to achieve transparency. The 
operating conditions were partially derived from [29] where the original atomizer operated with JET 
A - l at pi = 0.5 MPa roughly yield Re = 1000. Other operating regimes, see Table 2, covered Re = 2000 
and 4000. This range of Re values corresponds to the range of pi from 0.5 to 8 MPa for the originally 
sized atomizer using JET A - l . 

Figure 1 Atomizer schematic drawing with main dimensions in millimetres 

Table 2 List of operating regimes 

Re Pi mp vP CD Fr daco daccS 

H [kPa] [kg/h] [m/s] [-] [-] [mm] [mm] 
1000 ± 1 0 2.1 47.5 0.206 0.420 5.0 2.82 1.55 
2000 ± 1 0 8.8 94.8 0.411 0.410 9.9 2.99 1.64 
4000 ± 1 0 36.3 188.4 0.816 0.401 19.6 3.20 1.74 

The operating liquid was p-cymene (1-Methyl-4-(propan-2-yl) benzene). It is one compound, colourless 
liquid, whose value of refractive index « = 1.49 is closely matched to the atomizer body which simplifies 
the optical measurement and reduces the measurement errors. The physical properties of the p-cymene 
at room temperature are as follows: surface tension a = 0.028 kg/s2, liquid dynamic viscosity pa = 
0.00085 kg/(ms), and liquid density pi = 848 kg/m3. The identical test bench as in [28] was used. The 
uncertainty in pressure sensing was 0.05 kPa and the calculated uncertainty of Co was 0.25 % of actual 
value. 



High speed imaging 
A F A S T C A M SA-Z high-speed camera (Photron, Japan) with long-distance microscope 12X Zoom 
lens (NAVITAR, New York, USA) which is composed of a 2X F-mount adapter (type 1-62922), a 12 
mm F.F zoom lens (type 1-50486), and 0.25X lens (type 1-50011) was used to document the spatial and 
temporal behaviour of the air-core and discharged liquid sheet in one image with spatial dimensions of 
31x31 mm. The camera frame rate was 20,000 frames per second, the resolution was 1024 x 1024 px 
and the shutter speed was set to 40 l i s . A background light illuminated the atomizer using an L E D panel. 
The air-core dimensions and the spray cone angle, SCA, were measured by an in-house M A T L A B code 
using a threshold-based detection technique. 

Laser Doppler Anemometry 
Point-wise velocity measurements inside the swirl chamber were carried out using a 2D L D A 
FlowExplorer (Dantec Dynamics A/S, Skovlunde, DK), for setup details see [28]. The measurements 
were performed in four axial distances from the atomizer cap, see Figure 2. The refractive index of the 
atomizer body and working liquid differed by less than 0.005 for both wavelengths involved in the 
measurement. Therefore, the velocity error is expected to be less than 0.5 % [15, 24]. Nevertheless, the 
real position of the measurement volume inside the atomizer body had to be corrected as & = nSi, where 
Si is the real distance of the measurement volume from the atomizer wall and Si is the traversed distance 
of the measurement volume from the atomizer wall. The measurements near the air-core surface were 
affected by light reflections, which generate noise on the L D A signals and subsequent velocity 
estimates. Therefore, these data were processed by a filtration algorithm which seeks for a Gaussian 
distribution in the velocity histogram and calculates the mean velocity only from the data which satisfies 
the Gaussian distribution. 
Flow tracer particles SL75 e-spheres with a mean diameter of 45 urn were used as tracers for the L D A 
measurements. Their Stokes number, based on the highest swirl velocity and air-core diameter, which 
is the worst scenario case for the particle movement, was less than 0.3 for Re = 4000 regime, which 
ensured a sufficiently flow fidelity. 

Figure 2 The typical high-speed image with measured positions 

Numerical setup 
The CFD simulations were made using commercial software Ansys Fluent 19.2. Four basic geometries, 
each representing a different level of simplification, were used; 2D axisymmetric model, 3D periodic 
model without inlet port, 3D periodic model with inlet port and full-scale 3D model with three inlet 
ports. The 2D axisymmetric model with the swirl component is the simplest approach, but widely used. 
Note here that the inlet velocity has to be set to conserve the mass flow rate in the radial direction and 



conserve the angular momentum in the tangential direction. As it is later shown in this paper, this 
approach underestimates the swirl velocity magnitude. Thus, the second option used here is to set the 
mean velocity inside the inlet port, vp, as the swirl velocity. 
The geometrical design of the atomizer allows for the use of periodic boundary condition, since the 
atomizer can be divided into three identical parts, each 120° section. In this way, the 3D periodic model 
was created. Two periodic models are compared. The first one contains the inlet port and the second 
one is without the inlet port; a no-port version. The main advantage of the no-port version is simplicity 
in mesh generating process. The tangential connection of the port creates skewed elements near the 
swirl chamber wall. This could be overdone by slight displacement of the port towards the atomizer 
centreline or using the unstructured tetrahedral or polyhedral mesh. The pressure outlet was set to the 
outer boundaries and the no-slip condition was used on the internal wall boundaries for all cases. For 
the turbulent models, the value of turbulence intensity of 1 % and hydraulic diameter of 0.0049 mm 
were set on the inlet. 
Pressure-velocity coupling was done using the PISO scheme for transient solution and the pseudo 
transient Coupled scheme for the steady solution. Turbulence and momentum used Second Order 
Upwind discretization. The liquid-air interaction was captured by a Volume of Fluid model with a geo-
reconstruct scheme for transient models or Compressive scheme for the steady cases and LES. Surface 
tension between air and liquid was set as constant value. The air was treated with constant density. The 
gravity force was also considered. 
The transient solution used variable time stepping with a Courant number 0.15. A typical time step size 
was approximately 2><10"6 s. After reaching a quasi-static solution, time averaging was applied, with 
minimum of 0.1 s recorded. 
Several turbulence models based on a Reynolds-averaged Navier-Stokes (RANS) equation, LES and 
laminar solver were used and compared to achieve results comparable with the experiment. The 
mathematical description of the used methods and models is well known and can be found elsewhere 
[30]. 
Simple two-equation models represented by k-s and k-co were chosen for their good accuracy and 
versatile use for industrial applications. These models determine a turbulent length scale and a time 
scale by solving two separate transport equations. The k-s model is based on a transport equation for 
kinetic energy k and dissipation rate 8. In this paper, the R N G and realizable k-s models were used. The 
wall treatment was done using the scalable wall function for meshes without boundary layer and 
enhanced wall treatment (WT) was used for meshes with a boundary layer. The k-co SST model with 
low-Re correction was used with meshes with boundary layer only. This model combines the standard 
k-co model for near wall treatment and the k-s model in the free stream flow. 
The Reynolds Stress model (RSM) is among the most advanced RANS models for the swirl dominant 
flows as it solves all the transport equations for the Reynolds stresses. This model was used with low
ing and shear flow correction, with scalable wall function for meshes with wall y+ > 10 and omega-
stress based for mesh with boundary layer. 
Large Eddy Simulation (LES) was represented by Wall-Adapting Local Eddy Viscosity model 
(WALE). No perturbations were set at velocity inlet. 



Figure 3 Left: 2D mesh. Right: 3D periodic mesh with inlet port 

Results and discussion 
In the results, the experimental data are presented first. Then, various numerical approaches are 
compared. The mesh dependence analysis is followed by a possibility of the geometry simplification. 
Then, several physical models are compared with the experimental data for various Re. The final part 
deals with the air-core temporal behaviour. 

Experimental data 
The high-speed imaging showed that the internal air-core is cylindrically shaped, being larger in 
diameter, with the exit orifice which is a well-known phenomenon [6, 31]. With increasing Re, the air-
core diameter slightly increases as discussed in [32], see Table 2, where both dace and dacii grow almost 
linearly with increasing Re. The prominence of the surface waves and distortions decrease with Re. 
The measured swirl velocity profiles are identical in all axial positions, see Figure 5. This is expected 
since it is a basic assumption of all in viscid models. The velocity profile represents a Rankine vortex; 
however, the viscous losses reduce its peak velocity. The measured velocity can be interpolated by a 
simple equation wrb=const, where b is an empirical constant which is proportional to the viscous losses 
[33]. 
With increasing Re, the relative swirl velocity slightly increases, which suggests smaller viscous losses 
with higher Re, see increasing values of b constant from 0.8 to 0.9 forite = 1000 and 4000, respectively. 
Increasing relative swirl velocity causes the increase in the air-core diameter. This is in alignment with 
decreasing Co, as shown in Table 2, which also well correlates with the enlarging air-core. 
The axial velocity was measurable only in positions dacs and dacii due to limited optical access. It has a 
local maximum near the atomizer wall and a global maximum at the air-core surface. The position and 
relative value of both maxima remains the same for all measured regimes. 
The turbulence intensity of the swirl velocity is between 7-9% with a slightly decreasing trend with Re, 
but with much higher values near the air-core and swirl chamber walls where it reaches the values above 
30%. It was found independent of the axial position. The small influence of Re suggests that no 
transition effect occurs in the studied range of Re values between 1000 and 4000. However, the values 
of the turbulence intensity must be taken with respect to the long measuring volume of the backscatter 
L D A , which may introduce false turbulence measurement. 



Figure 4 Typical results obtained from HS imaging. From left: Re= 1000, 2000 and 4000 
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Figure 5 Swirl velocity profiles from LDA measurement, left for Re = 2000 and various Z positions. Right for Z = 2 and 
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Figure 6 Axial velocity profiles from LDA measurements 

Mesh independence test and comparison of steady and transient models 
Several different mesh sizes were compared at Re = 2000 using the laminar solver for both steady and 
transient simulation, see typical results in Figure 7. The key parameter determining the simulation 
accuracy is the number of mesh cells across the exit orifice. With a low number of cells, the error of 
estimating the air-core dimension rises, which may harm the overall result of the simulation. The effect 
of cells number on Co, SCA and the air-core dimension is shown in Figure 8 for 2D transient and 3D 
steady and transient simulations. Note that the meshes were evenly sized. Therefore, the overall number 



of cells rises with a second power for 2D meshes from 6,784 to 106,206 cells for 11 and 42 cells in r0, 
respectively, and with a third power for 3D meshes from 131,948 to 686,300 for 16 and 27 cells in r0, 
respectively. The 3D mesh with 35 cells uses a similar cell size as the 27 cells version but contains 6 
prismatic cells in the wall boundary layer to reach the wall y+ ~ 1 along the exit orifice. Moreover, three 
different dimensions of the outer outflow area were also compared, but the effect on the results was 
negligible. Thus, the middle sizes area was used for all the cases. 
The steady simulation was found more prone to the mesh sizing and reached a maximum difference in 
Co of 7 %. The transient simulation overperformed the steady one in proximity of results to the 
experimental data and showed a small effect of the mesh size. The sensitivity of the steady model can 
be explained by different V O F scheme; the steady simulations used a compressive scheme, while the 
transient one used a more accurate geo-reconstruct scheme [34]. Moreover, the steady simulations 
overestimated the air-core size, which leads to a decrease in Co. The optimal mesh for both 2D and 3D 
has at least 20 cells in r0, which is in line with other authors; however, a large variance was found in 
the literature. Ghate [20] suggests a mesh with roughly 13 cells in r0, Ghate [20] used approximately 25 
cells in r0, Vashahi [17] similarly used around 25 polyhedral cells in r0 plus 7 layer of prismatic layer, 
while Galbiati [12] found a mesh independency for a much finer mesh, with roughly 40-50 cells in r0 

and Nouri-Borujerdi [14] used even finer mesh with 80 cells in r0. However, the overall effect of the 
mesh sizes is rather small and other effects, such as a turbulence model, time statistics or initial 
conditions, may have a greater effect. 
The main advantage of the steady simulation is its time efficiency. It took between 5-8 hours for mesh 
with 686,300 cells on 16-cores machine to reach the quasi steady state. While the same case but transient 
took about 3-4 weeks to produce the same level of convergence. For practical usage, the steady 
simulations are much more suitable. 

Figure 7 Typical results obtainedfrom 3D periodic mesh with 27 cells in r0l transient, Laminar simulation. Re = 2000, 

instantaneous image. Blue and red represents liquid and air respectively, green is an interface. 
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Figure 8 The effect of cell number in r0. Laminar model, Re = 2000. 

Atomizer geometry simplification 
The atomizer geometry can by simplified in several steps, see Table 1. The most complex approach 
uses the full-scale atomizer model including the inlet ports. This model allows for the air-core to divert 
from the swirl chamber centreline. Since the atomizer used here can be divided into three identical parts, 
the periodic model can be easily created. This simplification ensures that the air-core axis is equal to 
the swirl-chamber centreline, which may subdue some large-scale flow instabilities. This model can be 
further simplified as the inlet port geometry can be substituted by an imprint of the inlet port on the wall 
of the swirl chamber to form the inlet boundary condition. However, the inlet velocity profile on the 
boundary of the swirl chamber is not trivial and it must be pre-calculated to yield correct results. This 
pre-calculation can be performed using a simple tetrahedron mesh with inlet port, a single-phase model 
and steady solution. This velocity profile must be interpolated on the no-port inlet boundary. The main 
advantage of the no-port mesh is the absence of highly skewed cells near the swirl chamber; therefore, 
the mesh creation process is much faster and the mesh quality is better. This can be also solved using 
unstructured meshes with tetrahedral or polyhedral cells. 
The last possible simplification is to create a 2D axisymmetric model with the swirl velocity component. 
This model requires setting the inlet radial and swirling velocity as two independent components to 
keep the momentums in both directions. However, the results show that conserving the angular 
momentum can be inaccurate due to distortion of the inlet velocity profile, which leads to higher inlet 
angular momentum than assumed. This phenomenon is also well observed on the no-port version, which 
underestimated the air-core dimensions as well as the inlet pressure. 

Table 3 Comparison of model geometry. Re = 2000, laminar model, transient. 

Mesh Pi SCA dac-exit dallmm u, Vi C D 

[Pa] [°] [mm] [mm] [m/s] [m/s] [-] 
Experimental data 8800 78.0 2.99 1.67 3.1 2.2 0.41 

2D Momentum 6900 56.1 2.88 1.48 3.4 1.7 0.46 
2Dvp 8800 62.2 3.06 1.64 3.5 2.2 0.41 

3D P E R No-port 6700 56.7 2.83 1.47 3.5 1.9 0.47 
3D P E R No-port-profile 8550 63.0 2.98 1.49 3.6 2.4 0.42 

3D P E R 9200 65.3 3.07 1.85 2.9 2.6 0.40 
3D Full 9350 61.3 3.10 1.66 3.7 2.4 0.40 
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Figure 9 Mean swirl velocity profiles (left), axial velocity profiles (right). Z = 11 mm, Re = 2000 

Physical models 
Several physical models were compared for the 3D periodic mesh with the inlet port for all the regimes 
investigated. The results for both steady and transient ones are listed in Table 4 for Re = 2000. The 
effect of Re on the results from the selected models is shown in Figure 10. 
Similarly, as in the mesh independence test, the steady simulation was found prone to selecting the 
model. The both versions of steady k-s, RNG and Realizable, performed almost identically and their 
results were close to the experimental data. The steady R S M reached the largest deviance from the 
experimental data, since it was unable to predict the air-core within the swirl chamber. This model also 
failed on the mesh with a prismatic layer using Enhanced wall treatment. The same model, but omega-
based R S M , properly captured the air-core but underestimated the Co. The similar results were obtained 
by the steady £-&>-SST model. Both the k-co -SST and omega-based R S M predicted Co accurately in 
the transient simulation, where all the turbulence models return virtually identical results including LES. 
Only the omega-based R S M converged in the transient simulations, other variants diverged. 
An improper setup of the wall function results in failure of the air-core prediction. The wall y+ must be 
carefully checked before selecting the proper wall function as the standard wall function failed in the 
all investigated cases. The turbulent models were able to closely predict flow characteristics even for 
Re = 1000, which is in good agreement with [12], where the k-s model returns reliable results for 
Re = 1600. Note here that R S M model underperformed other turbulence models, similarly as in [12]. 
This result was not expected, since the R S M should be superior for flows with anisotropic turbulence, 
which is the case of swirl atomizer. It predicts the air-core only in the case of omega-based R S M , but 
its results were practically identical to the simpler k-co. 

The suitable models from Table 4were compared in the range of Re and the results are presented in 
Figure 10. No R S M model was able to predict the air-core for Re = 1000, thus these models are not 
presented here. 
The CD decreased in experiment slightly with Re as Co oc Re4> 0 3 5 or with pi as CD oc pf°016. It is in good 
agreement with several authors [35, 36] who found the similar decrease in Co but some authors [37] 
claimed rather ascending Co with pi. Nevertheless, all the CFD models predicted the same descending 
trend, yet minor differences were observed. The steady k-co model underpredicted the Co, particularly 
for Re = 1000. The k-s also suffer from difficulties with this regime, where it severely overpredicts the 
CD and underpredicts the air-core dimension. The LES model returns the closest results of Co, followed 
by the transient laminar model, which slightly diverts from the experimental data at Re = 4000. Note 
here that the empirical correlation for Co proposed by Rizk and Lefebvre [38] gives a constant value of 
CD of 0.41, which is in perfect agreement with the experimental data for Re = 2000. 



Table 4 Comparison of different physical models. 3D periodic mesh with port, Re = 2000. 

Mesh Physical model Pi SCA dac-exit dallmm u. V, Co 
[pa] [°] [mm] [mm] [m/s] [m/s] [-] 

Structured Laminar 9200 59.9 3.08 1.82 3.85 2.41 0.40 

Structured k-s - Realizable 
Scalable WF 

8950 53.6 3.10 1.72 3.70 2.31 0.41 

Structured RSM 
Scalable WF 

7400 59.9 2.51 0 2.69 1.66 0.45 

Prismatic layer vi k-co -SST 10421 62.0 3.10 1.56 4.05 2.92 0.38 
Prismatic layer 

eady 

k-s - Realizable 
Enhanced WT 

8870 58.0 2.97 1.45 3.02 2.19 0.41 

Prismatic layer k-s - RNG 
Enhanced WT 

8800 57.2 2.95 1.40 2.99 2.16 0.41 

Prismatic layer RSM - Omega 10210 58.3 3.08 1.49 3.69 2.62 0.38 

Prismatic layer RSM 
Enhanced WT 

Diverged 

Structured Laminar 9300 65.3 3.07 1.85 2.92 2.64 0.40 

Structured k-s - Realizable 
Scalable WF 

8540 54.1 3.07 1.67 3.63 2.35 0.42 

Structured 

—i 

RSM 
Scalable WF 

Diverged 

Prismatic layer DJ LES - WALE 8960 59.9 3.03 1.55 3.69 2.64 0.41 
Prismatic layer řĎ' k-co-SSJ 8840 57.6 3.01 1.50 3.02 2.66 0.41 
Prismatic layer r+ k-s - Realizable 

Enhanced WT 
8050 52.0 2.87 1.22 3.11 2.25 0.43 

Prismatic layer RSM - Omega 9100 54.0 3.02 1.56 3.07 2.62 0.41 
Prismatic layer RSM Diverged 

Enhanced WT 

The CD value is usually related to the air-core diameter. Therefore, an increase in Co should be 
accompanied with the growing air-core diameter, which is true for both experimental data and all the 
CFD models, see Figure 10, right. Only the k-s model diverts for Re = 1000. Other models tend to 
slightly overestimate the air-core size for low Re. 
The relative velocity of discharged liquid sheet, vjvp (combined radial and axial velocity divided by the 
inlet velocity) is slightly increasing with Re. A l l CFD models captured the trend from the experiment 
well, but the velocity values were overestimated by most of them. The laminar model was closest to the 
experimental data for Re = 1000 and 2000, followed by the LES and k-s. Slightly different results were 
obtained at the highest Re, where the LES outperformed the laminar model, but still overestimated the 
velocity by 5 %. 
A huge disparity is found for the SCA results, where the value of experimental SCA is more than 20 % 
larger than the predicted one. The experimental SCA discussed here is measured directly after discharge 
as the apex angle of cone, which covers the liquid sheet, while the SCA from the CFD is based on the 
maximum in the liquid fraction inside the discharge liquid sheet. Nevertheless, both approaches should 
return very similar values of SCA. The SCA value grows rapidly in the experiment with Re as 



SCA oc Re012, respectively with pi as SCA oc pP06, while it increases in transient laminar simulation as 
SCA oc 0 6 or SCA oc pi 0 0 3 and it is constant for the LES simulation. The reason for these disparities 
is not exactly known, but it may be partially related to the flow of the surrounding air, which may 
slightly affect the liquid sheet formation as described in [39] and was not captured in CFD due to a 
relatively small outflow area. Also, manufacturing inaccuracies and different measuring methods may 
introduce some errors. 
A widely used empirical correlation published by Rizk and Lefebvre [40] predicted much higher 
influence of the inlet pressure as SCA oc ppn. However, this correlation was derived for liquids with 
higher viscosity and well captured the trends using higher viscous liquid in our previous study [28] 
using almost identical geometry as used here. Similarly, the experimental values of SCA were higher 
than expected. The viscous liquids typically exhibit larger influence of pi on SCA since Ballester at al. 
[37] found SCA oc 3 9 for heating oil. The values of SCA based on the Rizk predictions are 46, 54 and 
63° for Re = 1000, 2000 and 4000, respectively. These values are well below the measured values, but 
are much closer to the CFD prediction. Since the CFD predicts correctly other parameters of the internal 
flow, the differences in SCA might be linked with a different measurement technique, complex air-flow 
near the liquid sheet and wettability of the atomizer body. 
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Figure 10 Effect of Re on Co, SCA, liquid sheet velocity, vi, and dace from various numerical setups. 



Air-core dynamics 
The mean parameters of the internal flow are important for the atomizer geometrical design. However, 
instabilities are commonly presented, and for some geometries, it may change the breakup nature or 
generate an unstable spray as documented elsewhere [1, 28, 29]. The steady simulations, in principle, 
can only indicate the calculation stability or the convergence rate, which may or may not be linked with 
real flow instabilities. Therefore, this part focuses only on the transient models. The simplest way to 
detect flow instabilities is to measure the rate of change of the air-core diameter or its position. From 
the experimental data, the most prominent are the air-core contractions and extractions at a given 
position. Its frequencies, shown in Figure 11 left, are almost identical along the air-core length and 
peaked roughly at/= 110, 240 and 480 Hz for Re = 1000, 2000 and 4000, respectively. This leads to a 
virtually constant value of Strouhal number over the range of Re values: 

fD 
St = — (1) 

vp 

where D is a characteristic dimension, which can be the swirl chamber diameter and is constant here. 
The same behaviour was documented elsewhere [41], where the value of St depended on the atomizer 
constant and was independent of the operating regime. Note here that no dominant frequency can be 
observed in our L D A data. 
The CFD simulations are unable to predict any dominant frequency. The laminar model exhibits the 
largest amplitudes of the air-core fluctuations as reported in Figure 11 right. The turbulence models k-
e and k-co subdued the air-core surface waves and almost no fluctuations can be detected. 



Conclusion 
The 2D and 3D numerical simulations of pressure-swirl atomizer internal flow were compared in 
transient and steady state with experimental data for Re = 1000, 2000 and 4000. Various numerical 
setups, including six turbulence models and several geometrical simplifications, were investigated. 
The air-core was found stable and developed in all the tested regimes. The discharge coefficient Co 
slightly decreased with Re as a result of lower relative viscous losses, which was confirmed by slight 
increase in the measured swirl velocity. 
The steady simulations are comparable with the time-averaged transient ones; but their convergence 
rate is at least about an order of magnitude faster. No steady simulation setup was found stable for the 
2D model. 
From geometry simplification study, it is evident that the inlet port must be modelled to assure reliable 
results. 
The laminar solver was capable to predict the Co, air-core dimensions and velocity profiles with an 
error less than 5% compared with the experimental results in both 2D and 3D simulation for the whole 
range of Re. The LES model performed similarly to the laminar solver for low Re and was superior for 
Re = 4000. The two-equation models, k-s and k-co, were sensitive to proper solving of the near wall 
flow and were not accurate for low Re. However, all the models captured well the trends. The worst 
results were surprisingly obtained for R S M (Reynolds Stress Model), which diverged for Re = 1000 
and 2000 or predicted the undeveloped air-core. For the unknown reason, the only parameter predicted 
with large error was the spray cone angle (SCA). 
The air-core diameter fluctuations were observed and the dominant frequency was found rising with Re 
to keep a constant value of Strouhal number. However, the simulations provided only a wide range of 
frequencies without any significant peaks. 
For the atomizer rapid CFD prototyping, the steady 3D simulation with laminar solver is the most 
efficient approach. 
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Nomenclature 

A area [m 2] X ratio o f air-core to o f exit orifice area [-

b width [m] Z axial distance [m] 

B experimental constant [-] Greek characters 

Cd discharge coefficient [-] P pressure drop at the nozzle P a ] 

d diameter [m] M dynamic viscosity [kg/(ms)] 

h height [m] P density [kg/m 3] 

k Atomize r constant used i n [4, 5] [-] a liquid/gas surface tension [kg/s 2] 

h breakup length [m] 

rii mass f low rate [kg/h] Subscripts and Superscripts 

n refractive index [-] c swir l chamber 

r radial distance [m] col calculated 

Re Reynolds number [-] e exit orifice 

Si vir tual distance o f the measurement volume [m] g surrounding gas 

Si real distance o f the measurement volume [m] I atomized l iqu id 

SCA spray cone angle [°] P inlet port 

SFR Spil l - to-Feed ratio [-] ac air-core 

t l iqu id sheet thickness [m] sc spray cone 

U axial veloci ty [m/s] 

V radial veloci ty [m/s] 

V veloci ty [m/s] 

W swir l veloci ty [m/s] 

lVeg gas Weber number [-] 
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Abstract 
This study addresses the effect of nanofluid synthesis on the rheological properties of the resulting fluid and their 
consequent effect on the characteristics (size and velocity distribution of droplets, spray cone angle, etc.) of the sprayed 
nanofiuids. The results are discussed in the light of how the spray characteristics affect the use of the resulting nanofluid 
spray for cooling purposes. Nanoparticles of alumina (AI2O3) and zinc oxide (ZnO) are mixed in water-based solutions, for 
concentrations varying between 0.5% and 2 mass% for alumina and between 0.01% and 0.1 mass% for the zinc oxide 
particles. FeCl2-4H 20 (0.1 mass%) was also used to infer on the effect of the nature (material) of the particles in the 
physicochemical properties of the resulting solutions. Among the various surfactants tested, citric acid (0.15%) was chosen 
for the final working mixtures, as it assured a stable behaviour of the solutions prepared during the entire study. The 
nanoparticles were characterized in detail, and the physicochemical properties of the fluid were measured before and after 
atomization, to evaluate any possible particle loss in the liquid feeding system or retention in the atomizer. The nanofiuids 
were sprayed using a pressure-swirl atomizer at 0.5 MPa injection pressure. Droplet size and velocity in the spray were 
probed using phase Doppler anemometry. For the range of experimental conditions covered here, the results show that 
liquid viscosity is an important parameter in predetermining the spray characteristics of nanofiuids, as it affects the primary 
liquid breakup. Despite this, only a mild increase is observed in the nanofiuids viscosity, mainly for higher concentrations 
of alumina, which was not sufficient to significantly affect the spray characteristics, except for a small decrease in the spray 
cone angle and the size of the atomized droplets. Hence, for cooling purposes, the atomization mechanisms are not 
compromised by the addition of the nanoparticles and their using is beneficial, as they enhance the thermal properties 
without a significant deterioration of other fluid properties such as viscosity and spray characteristics. Present spray 
characteristics promote liquid adhesion to the cooling surfaces and droplet size and velocity are kept within a range that is 
appropriate for spray cooling, following the literature recommendations and our analysis. 
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Z) v 0.5 50% volume diameter (um) 
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U Axial velocity component (m s _ 1 ) 
We Weber number (-) 
w Liquid velocity at the exit orifice (m s _ 1 ) 
Z Axial distance (mm) 

Greek characters 
Hx Liquid dynamic viscosity (kg m _ 1 s _ 1 ) 
Pi Liquid density (kg m - 3 ) 
rji Liquid/gas surface tension (kg s~ ) 

Introduction 

Dissipating high heat loads is currently a challenge in many 
industrial applications, such as metallurgy, food process
ing, microelectronics, or even in solar energy applications 
[1-3]. As for the various liquid cooling techniques 
explored by the researchers within the last two decades, 
spray cooling is among the most popular, given the high 
heat transfer coefficients that can be achieved (of the order 
of 10 4-10 5 W m " 2 K " 1 or higher—[4]). Nevertheless, the 
efficient implementation of this strategy must cope with the 
increasingly demanding heat loads that are dissipated, so 
that continuous efforts have been put to further enhance the 
heat transfer processes. In this context, several authors 
addressed surface modification to enhance these processes, 
e.g. [2, 4], while others have explored the use of nanofluids 
to reach the same goal [5]. However, while many of these 
researchers dealt with nanofluids as being a single-fluid 
with novel thermophysical properties, mostly focusing on 
the effect of the nanoparticles addition on the thermal 
properties of the fluids [6-13] and on the heat transfer 
processes, often addressing convective heat transfer in 
internal flows [14-21], research on nanofluid droplets/ 
sprays impacting on heated surfaces is still limited [8, 10] 
and the actual effects of adding nanoparticles in the fluid 
flow characteristics and, particularly in the mechanisms of 
atomization, are still scarcely reported. Hydrodynamic 
behaviour of the nanofluids slightly differs from that of the 
pure liquids, which is mainly related to physical modifi
cations of the local and bulk properties of the nanofluids. 
Surface tension is affected by the nanoparticle concentra
tion and size. Although this effect is less prominent in the 
bulk properties [22], it can be relevant for the wettability at 
the liquid-solid interface [23, 24]. The liquid density is 
expected to be slightly increased, as the nanoparticles have 
usually higher density compared to the base liquid. The 
viscosity of nanofluids depends on the size, shape, con
centration and material of the added nanoparticles. More
over, those parameters also determine if the nanofluids 
behave as Newtonian or non-Newtonian liquids. For 
instance, nanofluids with spherical particles are more likely 
to depict a Newtonian behaviour [25]. However, nanofluids 

rheology is a complex topic, as evidently shown in several 
studies reporting contradictory results. For instance, 
Jang et al. [26] report a dependency of the nanofluid vis
cosity on the tube size of flow domain at the microscale, 
which was neglected by other authors [27]. However, the 
wall friction coefficient is reported by others to slightly 
increase with the addition of nanoparticles [28]. 

Since all these properties are likely to affect the spray 
characteristics, a detailed characterization of the spray plays a 
paramount role in the heat transfer processes given the 
intricate correlation existing between droplet/spray charac
teristics and heat transfer processes. The pressure-swirl 
atomization excels in the generation of fine droplets at rela
tively low liquid pressure. In principle, the liquid is injected 
via tangential ports into a swirl chamber. The swirled liquid 
then leaves the exit orifice and spreads as a conical liquid 
sheet outside the atomizer. The liquid sheet consequently 
breaks up due to aerodynamic forces. The parameters of 
resulting droplets are dependent on the liquid sheet thickness 
and velocity. However, due to the complexity of the whole 
process, it is impossible to analytically predict the droplet 
sizes as they depend on the atomizer geometry, liquid prop
erties and operating conditions. Many studies investigated the 
effect of liquid properties on the spray characteristics. Prob
ably the most complex review of published work was 
reported by Lefebvre and McDonell [29]. Such studies mostly 
reveal that the liquid density has only a negligible role as its 
variation is usually small. The surface tension and the liquid 
viscosity have a similar impact on the atomization; however, 
both of them act differently. Hence, viscosity has a dominant 
effect on the liquid sheet breakup—a primary breakup. Its 
relative importance decreases in the region of the secondary 
breakup where the surface tension plays a dominant role. 
However, from the literature reviewed, the only known study 
related to the spray characteristics of nanofluids was con
ducted in 2017 by Kannaiyan and Sadr [30]; it concerns the 
effect of the concentration of alumina particles in kerosene. 

In line with this, the present study addresses the effect of 
nanofluid synthesis on the local physical properties of the 
resulting nanofluid and their consequent effect on the 
atomization characteristics (droplet sizes, velocity distri
bution and spray cone angle, among others). The nature 
and the concentration of the nanoparticles of the base fluid 
are taken as influencing parameters, giving a particular 
emphasis on their effect on the interfacial mechanisms 
present in atomization. The results presented and discussed 
here focus on the consequences of the nanoparticle con
centration on the atomization characteristics and how they 
can potentially affect the use of the resulting spray for 
cooling. Indeed, the cooling performance of the spray is 
strictly related to the complex interactions between dro
plets-droplets, droplets-spreading lamellas and droplets-
deposited liquid film [1, 2], particularly when a liquid 
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phase change occurs, as a strong deposit of cold liquid may 
preclude the occurrence of phase change. In this case, the 
liquid renovation by droplet impingement may play an 
additional and important role in removing the heat flux, 
essentially by a convective single-phase process [1, 2]. 
Hence, fine/disperse sprays such as that used in the present 
work, may be preferred [1, 31] with optimized intermittent 
cycles, to better disperse the spray on the cooling area and 
to allow droplet spreading into thin lamellas, thus pro
moting liquid phase change [32, 33]. In such case, the 
impact outcomes (e.g. whether the droplet spreads or dis
integrates after the impact) are directly dependent on the 
initial droplets sizes and velocities within the impinging 
spray. In any case, characterizing the spray prior to impact 
is mandatory, as characteristic size and velocity values of 
the spray droplets are directly used to compute represen
tative non-dimensional numbers (Weber, Nusselt and 
Reynolds numbers, among others) [1, 2, 32, 33]. 

Experimental 

Different nanofluids, obtained from alumina, zinc, copper 
and iron oxides in water are synthesized using co-precipi
tation and solvothermal methods [34], as detailed in the 
following section and are used to produce the sprays 
characterized in the present work. 

The tested atomizer is a pressure-swirl type, as shown in 
Fig. 1. The atomizer is small-sized, with a discharge orifice 
of 0.42 mm in diameter and two tangential inlet ports with 
a square cross section of 0.6 x 0.6 mm 2. 

The liquid was supplied from a small (3 L) pressure 
vessel, pressurized by air at 0.5 MPa. The liquid mass flow 
rate through the atomizer was approx. 7 kg h~ . The 

Table 1 Specification of the nanoparticles size 

Samples Diameter/nm Brand 

A 1 2 0 3 80 Fluka 

ZnO 80 Sigma Aldrich 

CuO 50 Sigma Aldrich 

F e C l 2 - 4 H 2 0 > 100 Sigma Aldrich 

atomized liquid was captured in a collection chamber and 
consequently re-used. 

Preparation of nanofluids and characterization 
of their thermophysical properties 

A two-step process was used to prepare the nanofluids. The 
mixtures were prepared in the range of 0.01-2% mass 
percentages, mixed up on a base fluid of deionised water 
(DI) and a surfactant and were placed in the ultrasonic bath 
for 1 h. The characteristic sizes of the nanoparticles, which 
were mainly acquired from Fluka and from Sigma-Aldrich 
are summarized in Table 1. The main composition of the 
resulting solutions is shown in Table 2. 

As briefly explained in the introduction, particular 
interaction phenomena may occur at the interface between 
the nanoparticles and the surface to cool during spray 
impact. However, prior to impact, and for the low concen
trations used in this study, the main influence of the particles 
on the spray is related to the possible sedimentation and 
agglomeration, which may locally affect the thermal and the 
physicochemical properties of the solutions. In all samples, 
the dispersion was observed and maintained when a sur
factant was added to the mixture. Different surfactants were 
tested (e.g. citric acid, oleic acid, CTAB—cetyl trimethy-
lammonium bromide) to infer on their effect in the stability 
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Table 2 Specification of the 
nanofiuids composition 

Sample number Mass percentaj ;e/% Sample number 

Surfactant Oxide Deionized water 

1 Citric acid 0.15 - 99.85 (pure) 

2 Citric acid 0.15 A 1 2 0 3 2 97.85 (pure) 

3 Citric acid 0.15 A 1 2 0 3 0.5 99.35 (pure) 

4 Citric acid 0.15 ZnO 0.5 99.35 (pure) 

5 Citric acid 0.15 ZnO 0.01 99.84 (pure) 

6 Citric acid 0.15 CuO 0.1 99.75 (pure) 

7 Citric acid 0.15 F e C l 2 4 H 2 0 0.1 99.75 (pure) 

of the nanofiuids. The mixtures showing the most 
stable behaviour were prepared with citric acid; therefore 
those mixtures were used to show the results presented and 
discussed here. The stability of the low concentrated 
nanofiuids (up to 0.5 mass%) was achieved within hours, 
then sedimentation was observed. However, the nanofluid 
with 2 mass% of A 1 2 0 3 had a limited stability as the sedi
mentation appears in approx. 15 min. The measurement 
duration was about 10 min for one liquid batch, so it was not 
affected by sedimentation. After hand re-shacking, the 
sedimented part was dissolved, and the stability was 
restored. In order to prevent the sedimentation, the liquid 
supply vessel was shaken every minute. 

The morphology was analysed by scanning and trans
mission electron microscopy, which also gives information 
about the phase structures and chemical composition, 
complemented by Fourier transform infrared spectroscopy, 
X-ray diffraction, Raman and X-ray photoelectron spec
troscopy. Surface wetting was then quantified with an 
optical tensiometer (THETA from Attension), by the 
apparent equilibrium and quasi-static advancing and 
receding macro-contact angles, following the procedures 
described in [35, 36]. The accuracy of the contact angle 
measurements is of the order of ± 1°. Care was taken to 
perform a high number of measurements (of the order of 15 
measurements) for which the values dispersion was at most 
of the order of ± 5°. 

As for the thermophysical properties of the nanofiuids, 
the present study considered the measurement of the den
sity pi, dynamic viscosity p.\ and surface tension <j\. The 
density was evaluated from the concentration of the solu
tion, by mass conservation principles and was very close to 
that of water, for all the samples tested (pi = 998 kg m~ ). 
The viscosity was evaluated with an ATS RheoSystems (a 
division of CANNON® Instruments, Co) under controlled 
temperature conditions, with an accuracy of ± 5 % . The 
surface tension was measured under controlled temperature 
conditions (20 ± 2 °C) with an optical tensiometer 
THETA (Attention), using the pendant drop method. The 
value taken for the surface tension of each solution was 
averaged from 15 measurements, with a maximum 

standard deviation of the mean of 0.04 mN m _ 1 . A 
detailed description of the measurement procedures is 
provided in [37]. 

The properties of the nanofiuids were measured before 
and after atomization, since if particle trapping would 
occur in the liquid feeding system or in the atomizer, it 
would affect the properties of the fluids and the atomization 
mechanisms. Also, the images taken with the high-speed 
camera were qualitatively analysed to check for possible 
modifications in the spray morphology caused by any 
significant loss of particles. No significant changes were 
observed, either in the liquid properties or in the spray 
morphology that could indicate any problem related to the 
loss of particles. 

Spray characterization 

The measurements of droplets velocity and size were per
formed using a two-component Phase Doppler anemometer 
by Dantec Dynamics A/S (Skovlunde, Denmark) which 
consists of 55 x transmitting optics, 57 x 10 receiving 
optics and multi-line Ar-ion + laser Spectra-Physics type 
177-G0232. The optical configuration is summarized in 
Table 3. Burst signal processor P80 was used to process the 
measured signal. B S A flow software v5.20 was used to 
control the data acquisition and the following setting was 

Table 3 Outline of the phase Doppler optical configuration 

Value 

Transmitting optics 

Laser power/mW 400 

Laser wavelengths/nm 514 and 488 

Beam spacing/mm 60 

Frequency shift/MHz 40 

Transmitter focal length/mm 310 

Receiving optics 

Scattering angle/ 0 69 

Receiver focal length/mm 500 

Micrometre/mm 0.500 
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used: Photomultiplier sensitivity 1180-1500 V , signal gain 
22 dB, velocity centre 15 m s _ 1 , velocity span 30 m s _ 1 . 
Although the PDA is capable of 2D measurement, only the 
axial velocity component U was evaluated for this part of 
the study. 

The measurement grid uses a radial system, as defined in 
Fig. 2, where r = 0 mm corresponds to the centre of the 
spray cone. Measurements are reported for Z = 10 mm and 
Z = 20 mm, being Z = 0 mm, positioned at the atomizers 
exit orifice. Extensive measurements were then performed 
for — 20 mm < r < 20 mm and — 20 mm < y < 20 mm 
in 2 mm steps on two radially orthogonal axes. The mea
surement was limited to 50,000 samples acquired or to 15-s 
acquisition duration at each measured point. 

Characteristic droplet sizes statistically evaluated from 
the sampled droplets include average values and charac
teristic diameters representing the volume ratios and the 
area to volume ratios. These characteristic diameters are 
usually more representative of the actual droplet size dis
tribution across the spray, as they weigh the relative 
importance of larger droplets. These characteristic diame
ters are also important as they can help us to understand the 
most suitable spray characteristics promoting heat transfer. 

The present work mostly evaluates the Sauter mean 
diameter or D32, DyQA, Z) v 0.5

 a n d DyQ.9- The quantities 
DvQ1, DvQ5 and DvQ9 represent the particle diameters 
below which 10, 50 and 90%, respectively, of the total 
volume is contained. The Sauter mean diameter or D32 is 
the ratio between the area and the volume of the droplets 
measured. From this, the Integral Sauter mean diameter 
(ID 3 2) can be calculated as a single parameter providing the 

-20 < y < 20 mm V 

global representation of Z) 3 2 by its mass weighted averag
ing over the entire radial profile [38]: 

am 
Z = 10mm 

r = 0 mm, -20 <"if < 20 mm 

Z = 20mm 

ID 32 / j r i / i ^ 2 0 , i 
;=1 

(1) 

Fig. 2 System of coordinates used in the measurements with the 
phase Doppler anemometer 

where/ ; is data rate, D30 is volume mean diameter and D2o 
is surface mean diameter in the position with radial dis
tance r\ from the atomizer centre. 

There are many aspects which affect the precision of the 
PDA measurement e.g.: fluctuations in the operating 
pressure of the atomizer, uncertainty of the atomizer 
positioning respective to the PDA measurement volume 
and the error of the PDA instrument itself. As it is almost 
impossible to evaluate these phenomena separately, stan
dard deviations (SD) of main evaluated parameters were 
calculated as quantities revealing the repeatability error. 
This procedure was based on five measurements with pure 
water. Those measurements were performed randomly 
during the measurement series. The SD was found to be 
± 0.2-1 m s _ 1 for velocity, depending on the measurement 
position, ± 1-3.5 urn for Z) 3 2 , ± 1 . 5 urn for I D 3 2 and 
± 1.5° for PDA based measurements of the spray cone 
angle (SCA). The error bars are not displayed in the plots 
for clarity, as the variation of the results is low. 

The nanofluids with a nanoparticle concentration of 
0.5 mass% or higher were optically opaque. Spherical 
validation was about 75-85% for the opaque liquids which 
is slightly lower compared to the validation rate of 88-92% 
of transparent liquids. As long as the inhomogeneities 
inside the droplets are small compared with the wavelength 
of the laser light (514 nm), the measurement accuracy 
should be undisturbed [39], but signal blur may occur and 
decrease the validation and data rate. 

High-speed visualization using a high-speed camera 
Phantom v4.2 and image post-processing complement the 
PDA measurements to qualitatively characterize the shape 
and morphology of the sprays and to evaluate the SCA. 
Images were taken at 15 kHz, with a resolution of 
192 x 192 px 2 . The SCA was captured by an in-house 
M A T L A B code based on the Canny edge detector. 

Results and discussion 

The first part of this study evaluates the effect of 
nanoparticles concentration on the thermophysical proper
ties of the nanofluids. Then, it is followed by the analysis of 
their consequent effects on the spray characteristics and 
how they can affect the suitability of the spray for cooling 
applications. Hence, this possible effect was firstly evalu
ated in the surface tension and in the viscosity, as they are 
paramount properties affecting the spray angle and the 
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atomization processes. The results in Fig. 3 show a minor 
influence of the nanoparticles concentration on the surface 
tension of the mixtures (Fig. 3a), but evidence a trend of 
the viscosity to increase with the particles concentration 
(Fig. 3b), particularly when the alumina particles are used. 

The properties of the nanofluids resulting from the 
mixture with CuO and FeCl2-4H 20 particles show no sig
nificant effect of adding the nanoparticles on the properties 
of the resulting solution. So, for the solution water + CuO 
(0.1%) + citric acid (0.15%), the surface tension was 
measured to be 72 mN m _ 1 and the dynamic viscosity was 
1.05 x 10~ 3 /Vkg m _ 1 s _ 1 . For the solution 
water + F e C l 2 4 H 2 0 (0.1%) + citric acid (0.15%), the 
surface tension was 71 mN m _ 1 , while the dynamic vis
cosity was 1.04 x 10~ 3 /ykg m _ 1 s _ 1 . 

The surface tension and the viscosity of the mixtures are 
divided by the values of the base liquid (water + surfac
tant) to isolate the effect of adding the nanoparticles from 
that of adding the surfactant. This effect of the nanoparti
cles on the nanofluids viscosity agrees with several studies 
in the literature, e.g. [10]. However, the variation of surface 
tension was less than 3%; thus, this effect can be neglected. 

The possible effect of the liquid viscosity on the spray 
characteristics, the SCA, droplets characteristic sizes and 
representative velocities were analysed. SCA, was deter
mined both from the high-speed images and from the PDA 
measurements (Fig. 4). The measures taken from the post
processing of the high-speed images were mainly used to 
validate the PDA measurements. 

The PDA based SCA was determined as the apex angle 
of a virtual cone which covers 90% of the liquid volume 
flux inside the spray. It was derived from a radial profile of 
the normalized cumulative liquid distribution across the 
spray (Fig. 5). Thus the SCA values taken from the PDA 
measurements do not match perfectly to those obtained 
from the high-speed images. However, the differences 
between the extreme angle values are very small—2% for 
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Fig. 5 Cumulative liquid distribution in the spray for three conse
quent measurements using ZnO 0.01 mass% 

camera-based SCA and ± 6% for PDA based SCA, which 
allows validating the PDA measurements. A linear corre
lation with correlation coefficient R2 = 0.85 shown in 
Fig. 4 can be obtained. 
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The liquid sheet breakup length based on the high-speed 
images was about 5-7 mm with no obvious correlation 
with the nanofluid used. The image resolution was not 
sufficient to distinguish it more precisely. The PDA mea
surements at Z = 10 mm are conducted just after the pri
mary breakup. 

Each nanofluid was atomized and measured several 
times. However, the spray characteristics were slightly 
different between the first and the second measurement. 
This effect is illustrated in Fig. 5, for the nanofluid 
obtained with 0.01 mass% of ZnO particles, where the 
liquid distribution in the spray is shifted towards the spray 
centre for the first measurement. Similar behaviour was 
observed for all the nanofluids tested here. Hence, for 
further analysis, only the first measurement is considered, 
which nevertheless is still statistically representative [40]. 

Figure 6 shows the evolution of the axial velocity and 
D32 along the spray radial coordinate, at Z = 20 mm. The 
axial velocity reaches its maximum in the positions where 
the liquid sheet is expected (r = 6-8 mm). This velocity 
profile is typical for pressure-swirl atomizers. From the 
figure, it can be inferred that higher nanoparticles con
centration tends to form a spray with lower axial velocities 

and smaller droplets, especially in the spray centre where, 
however, there is a very low droplet mass flow rate (see 
Fig. 7). AI2O3 with 2 mass% presents the lowest values of 
both the axial velocity and D32, being followed by AI2O3 
with 0.5 mass% and ZnO 0.5 mass%. These differences 
become less relevant as the measurements were performed 
further from the spray centre. These results are in agree
ment with those reported in [30] where the nanofluids with 
higher concentration formed droplets with lower axial 
velocity and slightly lower Z) 3 2 . 

The droplet size and velocity are linked together, as 
larger droplets have higher momentum and thus their 
velocity remains high, further downstream from the 
atomizer. 

The liquid volume distribution across the spray, as 
illustrated in Fig. 7, shows a negligible effect of the 
nanoparticle concentration. Hence, mild differences are 
only observed for the largest nanoparticle concentration 
(2 mass%), for which there is more liquid concentrated 
further from the spray centre. This is evident for both axial 
distances (Z = 10 and 20 mm). For Z = 10 mm, both 
nanofluids with 0.5 mass% have a slightly more liquid 
concentrated further from the spray centre. This is not 
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—•— ZnO 0.01 mass% 

A ZnO 0.5 mass% 
—T— Al203 2 mass% 

-•-Al203 0.5 mass% 
CuOO.1 mass% 
FeCI2 0.1 mass% 

20 
Radial distance/mm 

0 5 10 15 

Radial distance/mm 

Fig. 6 Spray profile characteristics measured at Z = 20 mm: evolu
tion of a droplets axial velocity and of b D32 along the radial 
coordinate of the spray 
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20 

Fig. 7 Liquid volume distribution across the spray (i.e. along the 
radial coordinate r) at: a Z = 10 mm and b Z = 20 mm 
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evident for higher axial distance. Thus, the same amount of 
the liquid is distributed along the radial axis even when the 
droplets have a slightly different characteristic A 2 or axial 
velocities. The highest liquid flow rate at Z = 20 mm was 
found at r = 10-14 mm where A 2 (Fig. 6) was almost 
independent of the liquid used. However, the axial velocity 
reached a maximal value at r = 6-8 mm which corre
sponds to the inner edge of the liquid sheet as the liquid 
flow rate sharply increases in those positions. 

A clearer perspective of the liquid distribution can be 
provided by the fractional volume diameters, which, as 
aforementioned, represent the particle diameters below 
which 10% ( A r a i ) , 50% ( A 0 . 5 ) or 90% ( A 0 . 9 ) of the total 
volume is contained—see Fig. 8. Therefore, A c u repre
sents a volume fraction of the smallest particles. In the 
spray centre, up to r = 10 mm, the nanofiuids with the 
highest nanoparticle concentration have a larger fraction of 
smallest droplets. For positions further than r = 10 mm, all 
the nanofiuids tested depicted a very similar A o . i - On the 
other hand, A a 9 which is mostly affected by large parti
cles depicts a similar trend to that shown by D 3 2 : A 0 . 9 
reaches a maximal value at r = 8 mm as there are large 
droplets in the disintegrated liquid sheet. For the positions 

on the very edge of the spray, the highly concentrated 
nanofiuids have a relatively larger A o . 9 > which indicates a 
higher number of large droplets. This trend is in agreement 
with the small increase in A 2 for these nanofiuids in 
Fig. 6. 

Relative SPAN, calculated as SPAN = ( A 0 . 9 - A o . i ) / 

A 0 . 9 — A o . i ) A o . 5 - A 0 . 5 w a s a lso evaluated but showed 
only small deviations with no obvious correlation with the 
nanofiuid used. 

To deeply evaluate the drop-size distribution in the 
single measured positions, the cumulative droplet volume 
fraction was calculated and plotted against the droplet size 
at two different radial distances. In the position r = 2 mm 
from the spray centre, the nanofiuids with higher 
nanoparticle concentration formed a larger number of small 
droplets and thus a lower D32, as shown in Fig. 9. No 
significant difference was observed between the nanofiuids 
with different material particles. Hence, the nanoparticle 
material does not affect the characteristics of the resulting 
nanofiuid spray. A similar trend is observed when analys
ing the measurements performed in radial positions further 
from the spray centre, even when the overall A 2 of all 
liquids is almost the same. The number of the small 
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particles is lower here due to higher overall Z) 3 2 . Droplets 
smaller than 50 urn contain 39% liquid volume for the 
nanofluid produced with the AI2O3 particles, which is 
higher than 26% obtained for the base liquid. 

To explain the velocity and size profiles, the droplet 
dynamics has to be considered. The droplets, formed from 
the liquid sheet, interact with surrounding air by trans
forming their momentum to the air and inducing its motion 
[41]. This process intensifies with increasing droplet sur
face [42], so it is more effective for sprays with smaller 
I D 3 2 like the 2 mass% A 1 2 0 3 , than for those depicting 
larger I D 3 2 (0.1 mass% FeCl 2 -4H 2 0). 

This entrained air flows through the spray cone towards 
the centreline in the downstream direction. It causes a 
redistribution of the smallest droplets from the outer spray 
regions to the centreline. This effect explains three out
comes: (1) the generally high number of small droplets 
present in the centreline, that should have been, for the 
hollow-cone spray, free of droplets; (2) the difference 
between the shapes of the size profiles of individual liquids 
(Figs. 6b, 8). If a higher number of small droplet fraction 
shifts to the spray centreline, the outer spray part contains 
mainly the large droplets and the D32 keeps high. (3) The 
droplets decelerate preferably in the axial direction, which 
causes widening of the SCA. This is documented in Fig. 7, 
where the 2 mass% A 1 2 0 3 shows the liquid volume spread 
over larger radial positions when compared with 
0.1 mass% FeCl 2 -4H 2 0. 

Despite this trend of the nanofluid sprays with higher 
particles concentration to form smaller droplets near the 
spray centre, with increased viscosity, the nanofluids form 
sprays with larger droplets due to larger droplets in position 
downstream the disintegrated liquid sheet, as clearly evi
denced for Z = 10 mm in Fig. 10, which depicts the Inte
gral Sauter Mean Diameter I D 3 2 as a function of the 
dynamic viscosity. This effect is less evident for fully 
developed spray at Z = 20 mm where the I D 3 2 varies in 
poor correlation with R =0.27 as I D 3 2 ~ / V . This 
correlation has similar exponent as in [43] where a very 
similar atomizer was tested over a very wide viscosity 
range of oil-based fuels. For the simplex atomizers, other 
published data (e.g. as reviewed in [29] and [44]) reported 
several correlations varying from I D 3 2 ~ /if 1 ' 1 1 8 to ID 3 2_ 

~ /J?' 2 5, depending on the atomizers and liquids used. For 
a given range of viscosities, the change in I D 3 2 is thus 
expected to be less than 2 urn which is smaller than the 
measurement uncertainty. [30] also observed shorter 
breakup length of the liquid with high nanoparticle 
concentration. 

The SCA was observed to decline with the increase in 
the nanofluids viscosity for Z = 10 mm; however, virtually 
no effect was found at Z = 20 mm (Fig. 11). Increasing 
viscous forces tends to lower the velocities inside the swirl 
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Fig. 10 Effect of the nanoparticles concentration (represented in the 
nanofluids viscosity) on the characteristic size of the spray droplets. 
P D A measurements performed at a Z = 10 mm. b Z = 20 mm 

chamber, thus causing the SCA to decrease. Data reported 
in [29] reveals that the SCA slightly decreases with vis
cosity as SCA ~ nr°'13, which should result in only a 
decline by about 1° in the SCA, in this case. However, it is 
difficult to detect this small change which is below the 
measurement uncertainty. These results are in agreement 
with those observed in [29]. 

Two forces act against the liquid disintegration: surface 
tension and viscosity. A relative importance of viscous and 
surface tension forces can be estimated by the ratio of the 
liquid phase Weber (ratio between the surface tension and 
inertial forces) and Reynolds (ratio between the inertial and 
viscous forces) numbers at the nozzle exit [45]: We/Re = 
w • jx/a where w is the liquid velocity at the exit orifice. It 
is mainly this ratio that gives the relative importance of the 
surface tension and the viscous forces. For our cases, this 
ratio is roughly 0.35-0.5, depending on the nanofluid used. 
This value, much smaller than unity, suggests the 
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Fig. 11 Effect of the nanoparticles concentration (represented in the 
nanofluids viscosity) on the S C A at a Z = 10 mm. b Z = 20 mm 

dominance of the surface tension forces over the viscous 

forces during the spray formation. Hence, it partially 

explains why the change in viscosity has a very small effect 

on the droplet sizes for Z = 20 mm. O n the other hand, the 

liquid sheet breakup during the primary breakup is affected 

mostly by the viscosity [29] as the measurements analysed 

for Z = 10 m m show a strong dependence on the viscosity. 

This also indicates that the liquid breakup is not completely 

finished at Z = 10 mm. 

U p to this point, the analysis has mainly focused on the 

spray characteristics and how they are affected by the 

nanoparticle concentration. The spray characteristics are 

intricately related to the cooling performance of the spray. 

In this context, one of the most obvious characteristics 

affecting the heat transfer is the S C A . The results analysed 

in the previous paragraphs show a trend for the higher 

nanoparticles concentration to mildly reduce the S C A at 

the exit of the nozzle orifice, due to the increase in the 

nanofluid viscosity. However, as also explained, this effect 

is fainted approximately at 20 m m below the atomizer 

orifice, so to avoid any influence on the spray wetted area 

and consequently on the heat flux one can mainly recom

mend the atomizer to be positioned at 20 m m or higher 

from the surface to cool. 

Relating the spray mechanisms and characteristics with 

its cooling performance is far more complex and the 

detailed evaluation of the cooling performance of the spray 

must be analysed upon its impingement on the surface to 

cool. However, one may predict the contribution of the 

spray characteristics a priori to the cooling performance. 

The mechanism explained in the previous paragraphs 

leading to the appearance of smaller droplets at the centre 

of the spray region, which is more likely to occur in sprays 

with smaller I D 3 2 like the 2 mass% AI2O3 actually con

tributes to distribute the sprays droplets on the surface area, 

allowing a more homogeneous wetting and cooling. The 

heat fluxes to dissipate depend on the application that is 

being considered, but, for instance for electronic cooling, 

they easily achieve heat fluxes up to 1 M W m - 2 , which is 

enough for the impinging liquid to boil . If the injection 

period is large enough to create a liquid film, the pinching 

of the droplets contributes to the renovation of the cooling 

liquid on the surface, in a cooling process that is majorly 

convective and possibly occurring without phase change 

[1, 32, 33], which is precluded by this mechanism, as the 

local cooling precludes the occurrence of a stable nucleate 

boiling regime. While this mechanism is more effective 

depending on the inertial effects [2, 32], which are higher 

for larger droplets, the fact that these sprays have smaller 

droplets may actually be beneficial, since splashing and 

interaction mechanisms, which take the fluid away from the 

surface, are less likely to occur [2, 32]. If the injection 

period is not high enough to create a liquid film upon 

impingement, the cooling occurs as the spray droplets 

impact and spread on the surface. The size and velocity of 

the spray droplets directly influences the possible out

comes, as they impact on the surface, namely they can stick 

on the surface and spread along a thin liquid film called 

lamella, or they can breakup, if the inertial forces at impact 

are high enough to overcome surface tension forces [2, 46]. 

There are several criteria to establish the critical conditions 

for the occurrence of this immediate droplet disintegration 

upon impact, but the majority of them is a function of the 

Weber number, which is usually reported to be larger than 

250, for the occurrence of disintegration, e.g. [32]. In the 

present study and particularly for the nanofluids with the 

smaller I D 3 2 the Weber number is always lower than this 

critical value, thus the spray droplets are more likely to 

stick and spread on the surface, contributing to the con

vective heat transfer, than to disintegrate, taking away the 

liquid mass from the surface. Also , under this scenario, as 
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the droplets spread on thin lamellas of the liquid film, they 
are more likely to vaporize, thus allowing to take advan
tage of the latent heat of evaporation to cool the surface. 

Conclusions 

This paper addresses the effect of nanoparticles concen
tration on the characteristics of nanofluid sprays, which in 
turn may affect the spray performance in cooling applica
tions. Different particles were added to water-based mix
tures within a range of concentrations varying between 
0.01 and 2 mass%. The particles are mainly alumina, zinc, 
copper and iron oxides. 

The liquid viscosity was found to be an important 
parameter in predetermining the spray characteristics of the 
nanofiuids, as it affects the primary breakup. On the other 
hand, surface tension was found to be a dominant force in 
the secondary breakup process. 

However, for the range of nanoparticle concentrations 
studied here, the thermophysical properties of the 
nanofiuids were not significantly changed in comparison 
with the base fluid. Hence, only a mild increase was 
detected in nanofiuids viscosity, mainly observed for 
higher concentrations of alumina, which was not sufficient 
to affect the spray characteristics, except for a small 
decrease in the cone angle of the spray and in the diameter 
of the atomized droplets. However, the differences were in 
the same order of magnitude as the measurement uncer
tainty. Hence, for the conditions studied here, the addition 
of the nanoparticles positively contributes to the spray 
cooling performance as they may alter the thermal prop
erties of the resulting nanofluid without significantly affect 
the hydrodynamic spray characteristics. The results also 
suggest that further investigation should be focused on very 
high particle concentrations, as the liquid physical prop
erties will be influenced in a more significant way. In this 
context, the analysis of spray/surface interactions will also 
provide complementary information of the cooling per
formance of the resulting nanofluid sprays. 
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