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Abstract. The replication of atomizers by 3D printing technology is a new
approach of producing the pressure swirl atomizers. The surface roughness
of 3D printed products and manufacturing accuracy of the 3D printing
process influence the atomization of the liquid. The high-speed visualization
of a spray, produced by scaled 3D printed atomizer, was performed. The
spray stability, cone angle and breakup length were determined. Scaled 3D
printed atomizers were tested at equivalent pressures of 0.25, 0.5 and 1 bar.
Non-dimensionless parameter, Reynolds number, was preserved for the
scaled atomizer. The effect of the surface roughness of the tangential ports,
swirl chamber and discharge orifice on atomization was assessed at
non-scaled pressure swirl atomizer. The roughness of a swirl chamber was
created by corundum and ballotin blasting. The inlet pressures of 2.5, 5
and 10 bar were tested.

1 Introduction
Pressure swirl atomizers are of pressure atomizers type, pressure energy is converted to the
kinetic energy of a liquid spray. The liquid flows into the swirl chamber via three tangential
ports. In the swirl chamber, the swirl motion is added to the liquid. The liquid is then
discharged through the discharge orifice. These three parts are the most important for the
liquid atomization. Pressure swirl atomizers are used in combustion applications.
In combustion, the droplet sizes and liquid distribution within the spray are of particular
interest. The distribution of droplets within the spray determines the performance of the
combustion process, flame structure, amount of emissions created during the combustion
process and temperature distribution within the flame [1]. Pressure swirl atomizers are widely
tested in Spray laboratory at Brno University of Technology. The modification of spill-line
geometry was tested [2, 3], the breakup of liquid sheet was studied [4]. The usage
of alternative fuels for atomization was investigated [5]. The effect of various geometries of
the pressure swirl atomizers has been tested by many other researchers.
The ability to produce the pressure swirl atomizers by 3D printing technology and the
estimation of spray characteristic of the 3D printed nozzle is assessed in this paper.
3D printing technology belongs to additive technologies, which development started
in 1980´s. The development of 3D printing resulted in the ability to print the components
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with complicated shapes. The advantages of 3D printing are faster production, lower prices
and usage of different materials (polymeric materials, metals, biochemical materials).
The pressure swirl nozzles are nowadays usually manufactured by CNC machines.
The surface roughness of the nozzles, created by 3D printing, is still poor and surface finish
is required. The dimensions of some pressure nozzle parts are challenging and sometimes
impossible to replicate, because dimensions of some crucial parts of pressure swirl atomizer
are only half millimeter. The scaled pressure swirl atomizer was created and tested.
In literature, only a little attention is devoted to the influence of the surface roughness on
atomization quality. In [6] the transition from laminar to turbulent flow regime above the
critical Reynolds number is attributed partly to the surface roughness. In [7] a short section
is devoted to discuss the influence of the surface roughness of pressure swirl atomizers.
The inaccurate surface finish of pressure swirl atomizer resulted in distorted circumferential
liquid distribution. In the production of swirl atomizers, the attention is mainly driven to the
co-axiality of discharge orifice and swirl chamber. In [8] the notes on the nozzle geometry
and surface roughness are presented. The nozzle geometry (surface roughness) has a
profound impact on jet characteristics and jet breakup.
As was mentioned before the pressure swirl nozzle is composed of several sections
(tangential inlet ports, swirl chamber and discharge orifice). Dimensions of these sections
have the largest impact on the spray properties and breakup of the liquid sheet. The influence
of misalignments in characteristic dimensions of tangential ports, discharge orifice diameter
and swirl chamber diameter are described in [9]. The influence of viscous and frictional loses
in pressure swirl atomizers were determined in [10]. The friction coefficient is only a function
of a Reynolds number and the effect of wall roughness is not accommodated.
Geometrical parameters that influence friction losses were determined. In [11] the friction
losses for the swirl chamber are derived. The losses caused by vortex generation and
frictional loss are presented. A frictional coefficient is a function of the length of the swirl
chamber, the diameter of discharge orifice and drag coefficient. The drag coefficient is only
a function of Reynolds number for the hydraulically smooth pipe. The passage is considered
as hydraulically smooth if the wall roughness is smaller than 0.7 % of hydraulic diameter of
the section. According to [12] the pressure loss coefficient decreases with the increasing ratio
of the swirl chamber length to discharge orifice diameter. The angle of the swirl chamber
also affects the pressure loss coefficient. In [13] the lack of experimental data on the surface
roughness of the atomizers is pointed out. The influence of the surface roughness has been
mentioned by many researchers, but detailed experimental study on the influence of surface
roughness on the atomization has not been carried out so far.
It is assumed that the roughness of the swirl chamber changes the behaviour of the spray.
This change in the behaviour is caused by the surface disturbances that induced instabilities
in the fluid flow. In the boundary layer of the liquid flowing through the tangential ports,
swirl chamber or discharge orifice, the disturbed surface generates eddies and the boundary
layer becomes more turbulent. It is assumed that these eddies then promote and cause a rapid
breakup of the liquid sheet. Eddies cause disturbances of the spray and atomizer produces
unstable liquid sheet. The energy is dissipated by the surface roughness. In the swirl chamber
with large surface roughness, the liquid obtain less tangential velocity. This result in smaller
cone angle of the liquid sheet. The main goal of the atomization is to create a stable liquid
sheet and spray. The roughness of the surface may have an adverse effect on atomization
stability and performance, and it is necessary to investigate this phenomenon.
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2 Experimental setups
Two scaled 3D printed nozzles illustrated in Figure 1 were tested. The difference between
the nozzles is that one was printed with the rear wall of a swirl chamber (Figure 1. left)
and the second is comprised of two parts (swirl chamber and rear wall) separately (Figure 1.
right). The final surface roughness of the 3D printed nozzles is Ra = 17.3 µm. Nozzles were
tested in special holder, which provide liquid inlet and rear wall of a swirl chamber for the
open nozzles. The instantaneous images for a spray were recorded using high-speed camera,
Photron fast cam. The equivalent conditions were set. The atomizers are scaled by the ratio
of 3.3 of initial dimensions.

Fig. 1. 3D printed nozzles, closed (left) and open (right).

Three non-scaled atomizers with different surface roughness were tested.
The manufactured swirl chamber with Ra = 0.872 µm, swirl chamber artificially created
roughness by ballotin blasting with surface roughness Ra = 1.661 µm and swirl chamber with
artificially created roughness by corundum blasting with surface roughness Ra = 2.149 µm.
The surface roughness was measured using an optical 3D microscope Alicona Infinitefocus
G4. The surface texture of the non-scaled nozzles is illustrated in Figure 2.

a)

b)

c)

Fig. 2. Surface roughness a) Manufactured nozzle, b) Ballotin blasting, c) Corundum blasting.

The effect of different surface roughness was investigated by the Phase
Doppler anemometer (PDA) and by high-speed visualization. The settings of the PDA system
are outlined in Table 1. Three different inlet pressures were tested 𝑃𝑃𝑖𝑖𝑖𝑖 = 2.5, 5 and 10 𝑏𝑏𝑏𝑏𝑏𝑏.
The schematic layout of the PDA experiment is illustrated in Figure 3a. The velocity and
droplets diameters were measured in two horizontal planes, Z = 12.5 mm and 25 mm from
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the nozzle tip. The schematic layout of the measurement planes with measurement positions
is presented in Figure 3b.
Table 1. PDA setup.

Parameter
Laser power output
Wavelength
Focal length of
transmitting optics
Focal length of receiving
optics
Scattering angle
Mask
Spatial filter
Sensitivity
SNR
Signal gain
Level validation ratio

Fig. 3. PDA setup.

Value
0.3 W
514.5/488 nm
500 mm
500 mm
69 °
B
0.1 mm
850 V/950 V
0 dB
10 dB
8

a)

b)

3 Results and discussion
In this section results obtained using PDA measurement system and high-speed camera are
presented. The influence of surface roughness on the velocity, droplet distribution, spray cone
angle and breakup length is determined. The spray created by scaled 3D printed nozzles
is investigated and atomization characteristics are discussed. The Reynold number
for tangential ports and the relative roughness are outlined in Table 2. The Reynolds number
for swirl chamber and discharge orifice is not presented, because the flow nature is very
complicated and computation is not straight forward process. Relative roughness is defined
as Ra divided by hydraulic diameter of the section.
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Table 2. The Reynolds numbers at the inlet ports and relative roughness

Regime [bar]
Manufactured
Ballotin blasting
Corundum blasting
Regime [bar]
3D printed, closed
3D printed, open

Reynolds number [–]
2.5
5
10
880
1179
1661
890
1181
1644
883
1177
1631
0.25
0.5
1
902
1245
1784
944
1294
1777

Relative roughness [–]
2.5
5
10
0.0018
0.0018
0.0018
0.0034
0.0034
0.0034
0.0044
0.0044
0.0044
0.25
0.5
1
0.0110
0.0110
0.0110
0.0110
0.0110
0.0110

3.1 Surface roughness

a)
b)
Fig. 4. Axial velocity, Z = 12.5 mm, a) 2.5 bar, b) 5 bar, c) 10 bar.

c)

b)
a)
Fig. 5. Axial velocity, Z = 25 mm, a) 2.5 bar, b) 5 bar, c) 10 bar.

c)

In Figure 4 and 5 the axial velocity for two measurement planes and different inlet
pressures is illustrated. The surface roughness has no impact on the axial velocity of a spray.
The change of axial velocity with the change of inlet pressure is apparent. In Figure 6 and 7,
the D32 is illustrated for two measurement planes and different inlet pressures. The D32 (also
known as a Sauter mean diameter) is important characteristics of a spray for combustion
application. It is the ratio of the volume of the particle to the particle surface. D32 is defined
by equation 1. Where Ni is the number of droplets and Di is the droplet diameter.
𝐷𝐷32 = ∑𝑖𝑖 𝑁𝑁𝑖𝑖 𝐷𝐷𝑖𝑖3 ⁄∑𝑖𝑖 𝑁𝑁𝑖𝑖 𝐷𝐷𝑖𝑖2

a)

b)

Fig. 6. Profile of D32, Z = 12.5 mm, a) 2.5 bar, b) 5 bar, c) 10 bar.
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b)

Fig. 7. Profile of D32, Z = 25 mm, a) 2.5 bar, b) 5 bar, c) 10 bar.

c)

The surface roughness influences the distribution of liquid within the spray. The liquid
distribution is presented in Figure 8 and 9.

a)

b)

c)

a)

b)

c)

Fig. 8. Liquid distribution, Z = 12.5 mm, a) 2.5 bar, b) 5 bar, c) 10 bar.

Fig. 9. Liquid distribution, Z = 25 mm, a) 2.5 bar, b) 5 bar, c) 10 bar.

The spray cone angle and breakup distance were derived from set of 3000 instantaneous
images of the spray illustrated in Figure 10.

Manufactured

ϱŵŵ

Ballotin blasting
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Corundum
blasting

Inlet pressure
Pin = 2.5 bar
Fig. 10. Instantaneous images of a spray.

Pin = 5 bar

Pin = 10 bar

The cone angle is presented in Figure 11. The standard mean deviation is illustrated for
each regime. From Figure 11, the difference in cone angle is not recognized. The breakup
length for different swirl chambers and different inlet pressures is presented in Figure 12.

Pin = 2.5 bar

Pin = 5 bar

Pin = 10 bar

Pin = 2.5 bar

Pin = 5 bar

Pin = 10 bar

Fig. 11. Spray cone angle.

Fig. 12. Breakup length.

Surface roughness can affect the discharge coefficient (CD). The discharge coefficient is
defined as the ratio of measured mass flow rate at the discharge orifice to mass flow rate of
an ideal nozzle. The discharge coefficient for different surface roughness is illustrated in
Figure 13.

Fig. 13. Discharge coefficient for different surface roughness.
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Discharge coefficient decreases with increase of inlet pressure. Largest differences are
observed for 10 bar. The difference lies in span of measurement accuracy.
3.2 3D printed nozzles
Examined atomizers are illustrated in Figure 1. The equivalent inlet pressures were 0.25, 0.5
and 1 bar. The surface of the printed atomizers was not machined after the 3D printing.
The shape of the spray is illustrated in Figure 14.

Closed design

ϭϱŵŵ

Open design

Inlet pressure
Pin = 0.25 bar
Pin = 0.5 bar
Fig. 14. Instantaneous images of a spray created by 3D printed nozzles.

Pin = 1 bar

The spray is unstable with a great number of surface waves. The spray created by closed
nozzle is not symmetrical, streaks are created during 0.25 and 0.5 bar regimes.
The instabilities of the sprays are created by the swirl chamber, tangential ports or discharge
orifice wall roughness, the imperfection in the discharge orifice diameter or can be caused by
the inappropriate sharpness of the edges.
The cone angle and the breakup length for 3D printed nozzles are represented in Figure
15 and 16.

Closed design
Fig. 15. Cone angle of the 3D printed nozzles.

Open design

According to the pressure swirl nozzles theory, the cone angle is expected to increase
with the inlet pressures increase. The closed atomizer design obey this trend. The open
atomizer do not behave according to the pressure swirl theory. The spray cone angle for 1 bar
regime is narrower than for the inlet pressure of 0.25 and 0.5 bar. This can be caused by the
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transition of the flow to the turbulent regime, where surface roughness plays an important
role.
The breakup length for these two designs and different pressure regimes is illustrated in
Figure 16. The spray produced by the open nozzle is more unstable than the spray produced
by the closed nozzle. The breakup length is reduced for the open design.
Discharge coefficient for 3D printed nozzles is illustrated in Figure 17.

Closed design
Fig. 16. Breakup length of the 3D printed nozzles.

Open design

Fig. 17. Discharge coefficient for 3D printed nozzles.

The larger difference is observed in Discharge coefficient of 3D printed nozzles than for
nozzles with different surface roughness (Figure 12). This behaviour can be explained by the
poorly manufactured dimensions of inlet ports, swirl chamber or discharge orifice of 3D
printed nozzles or by the changed shape of main parts of the nozzles.
From Figure 4 to Figure 13, the influence of the nozzle surface roughness is negligible.
In the swirl chamber, with relatively large diameter, the laminar flow is present. In the
laminar region, the friction coefficient is independent of the wall roughness. The roughness
of the discharge orifice and tangential ports plays more important role in the atomization
process. Moody diagram is determined for the flow in the pipe. The use of Moody diagram
for the flow in tangential ports and swirling flow in the discharge orifice can be misleading.

4 Conclusions
In this study nozzles with different surface roughness were tested. The investigated range of
surface roughness has no influence on velocity, droplet behaviour and discharge coefficient.
All differences lies within the measurement accuracy of the measurement system. The two
3D printed scaled atomizers were investigated by high speed visualization. The created spray
is very unstable with lots of surface waves and streak are formed for some regimes. The 3D
printed nozzle, referred here as an open nozzle, exhibits different behaviour for inlet pressure
1 bar (Figure 14). This can be caused by some large imperfection on the surface of the
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tangential ports, swirl chamber or discharge orifice, which causes the transition to the
turbulent flow. This nozzle works in transition regime near the fully developed turbulent
regime. The Reynolds numbers and relative roughness in Table 2 lies within a small area in
the Moody Diagram and behaviour of the flow is similar for each case. The flow is in the
transition zone. The larger extend of surface roughness and flow Reynolds number is needed
to investigate the influence of the surface roughness on the atomization quality in detail.
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