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Abstract

A three stage atomizer has been constructed consisting of airblast, swirl and effervescent stages allowing for more than one
mode to contribute to the primary and secondary atomization
of a single liquid jet. While the atomization mechanisms resulting from individual modes are fairly well understood, their
combined usage to control the droplet size distribution is complex and has not been investigated in detail. A study of various
combinations of air-blast, swirl and effervescence is conducted
using phase Doppler anemometry and droplet imaging. This is
done in order to quantify the effects on the resulting spray structure including the control of the droplet size to yield a desired
range of equivalence ratios in combustion applications. Preliminary results for a non-reacting spray show that for a given
atomizer geometry, the air-blast stage produces sprays with a
D32 that typically ranges from 30 µm ∼ D32 ∼ 50 µm. The resulting size distribution depends heavily on the ratio of liquid to
air mass flow-rate and to a lesser extent on the geometry of the
liquid and air-blast nozzles. The effervescent mode produces
sprays with a D32 < 30 µm such that a combination of the two
modes allows for droplet size control. The swirling stage alters the spray structure significantly, allowing for simultaneous
droplet size and cone angle control.
Introduction

The generation of a spray is a complex dual-phase dynamic process that occurs in stages nominally refered to as primary and
secondary atomization. In spray combustion systems, a prime
goal is to improve the level of primary and secondary atomization in order to produce sprays with droplet sizes that are
small enough to yield rapid timescales. The main timescales
refered to are ligament break-up, droplet break-up and droplet
evaporation timescales which are key quantities that define the
transformation of a liquid fuel into a combustible vapour. Spray
generation can be achieved by a number of atomization systems
including twin-fluid atomizers such as air-blast [1, 6], effervescent [9, 4], and swirl atomizers [6] while also more conventional high pressure atomizers [2, 8]. In twin-fluid atomization
systems, the resulting droplet size is heavily dependant on both
the liquid inflow and air inflow conditions.
In an airblast atomizer, where a liquid fuel jet is surrounded
by a high speed gas stream (usually air), primary atomization
is achieved by transfering kinetic energy from the high speed
gas stream to the liquid jet which promotes liquid jet surface
destabilization. In a swirl system, the degree of atomization is
enhanced and a significant lateral velocity component is introduced which promotes spray dispersion and mixing. An effervescent atomization system, while still a twin-fluid atomization
mode, is radically different, and involves the ‘pre-mixing’ of
gas and liquid phases inside the atomizer channels upstream of
the discharge orifice. This creates a ‘bubbly flow’ where upon
exiting the orifice the bubbles burst and create liquid shreds that
may appear as a ‘tree-root’ structure [9]. This method of atomization is extremely efficient given the low air flow-rates required compared to air-blast and swirl atomizers. A disadvantage lies in the temporally unstable nature of an effervescent

atomization system, making it difficult to use in systems that
require a transient delivery of fuel.
Given that the three atomization modes are slightly different,
and produce different droplet sizes for a given air/fuel ratio,
we suggest a three-stage atomizer as a device that may be used
to control the droplet size while retaining a fixed air/fuel ratio. This atomizer would be of great use in combustion research where control of the droplet size in a turbulent spray
flame can shed more light on how fuel droplet size affects parameters such as flame stability, heat release, OH-reaction zone
width and location, and droplet-turbulence-chemistry interactions. The degree of droplet size control is explored in this paper via phase Doppler anemometry measurements while some
droplet and ligament break-up images are also presented and
utilized to make some qualitative remarks.
Experimental methods
Atomizer design

A section view of the main atomizer components is shown in
figure 1. Liquid is injected through the liquid port located at
the bottom of figure 1, and is subjected to an injection of gas
through the effervescent radial gas ports noted on the schematic.
This bubbly liquid-gas mixture then travels through the liquid
injection nozzle and is subjected to an air stream flowing coaxially with the liquid-air mixture, which is injected through the
blast gas-ports. Swirl is added through a tangential gas port,
which in this view is hidden detail but is shown for explanatory
purposes. In region A, the air accelerates and ‘blasts’ the liquid jet. The atomizer may be operated with any combination of
modes and any one mode may be used independently.

Figure 1: Schematic of three-stage atomizer
The liquid orifice diameter was fixed to dor = 500 µm in the airblast and swirl experiments however, when the atomizer was
run with the effervescent stage a liquid orifice diameter of

Case
EA1
EFF1
EFF2
EAS1
EAS2
EAS3

Ublast m/s
42
32
34
53
57
63

Qblast kg/min
0.24
0.18
0.19
0.3
0.32
0.36

Qe f f kg/min
0.060
0.048
-

Qswirl kg/min
0.12
0.096
0.06

Qliq kg/min
0.02
0.02
0.02
0.04
0.04
0.04

F/A
0.08
0.08
0.08
0.1
0.1
0.1

Reblast,ex
28000
21000
23000
35000
38000
42000

Table 1: Inflow conditions and jet velocities for a selection of cases where Q is the flow-rate, U is the velocity, and Reblast,ex is the
Reynolds number at the exit plane based on the air-blast velocity.

dor = 2000 µm was used, due to limitations with the required
effervescent air injection pressure. The air nozzle at the exit
plane was fixed to dair = 10 mm for all cases.
Laser diagnostics

Droplet velocities and sizes were determined using a commercial phase Doppler anemometry (PDA) system (TSI Model FSA
3500/4000). For brevity, full information on the geometric layout is not provided here however is available in the literature
[7]. Typical sampling rates were above 10kHz at the spray centreline but could be as low as 500Hz at the spray periphery, and
10,000 samples were collected at each measurement location
with velocity validation of 90% and above being common for
both axial and radial measurement channels.
Droplets were imaged using a well established line-of-sight
backlit illumination technique fully described in the literature
[5]. A low speed Nd-YAG laser was used as the light source,
which was diffused through a series of three opal glass diffusing optics. A LaVISION low speed CCD camera was used in
conjunction with a Questar QM-100 long distance microscope
for imaging to give an optical resolution in these experiments of
approximately 2 µm with a field of view of 2 mm at the imaging
plane.
Test cases

Six cases with details given in table 1 shall be presented. These
include one pure airblast case (EA1), two cases with combined
effervescent and air-blast modes (EFF1 and 2) and three cases
with combined swirl and air-blast modes (EAS1-3), in order to
characterise the operation of the atomizer while also to make
some comments on the degree of droplet size control. For all of
the cases, absolute ethanol (99.8%) was used as the fuel due to
its well defined physical properties.
Two groups of data shall be compared, the first group being
cases EA1, EFF1 and EFF2 which have a common fuel to air
ratio but a varying degree of effervescence and air-blast atomization. The second group to be presented consists of cases
EAS1-EAS3 which contain a varying degree of swirl and airblast atomization but again with a common fuel to air ratio. For
all test cases Sauter mean diameter (SMD or D32) shall be presented as a function of downstream position and radial location
across the spray jet along with some representative mean and
rms velocity results in order make some comments regarding
the spray structure and turbulence intensity. The images to be
presented shall be used in order to discuss the break-up regimes
present in these sprays and how the combination of atomization
modes affect the exit plane conditions of the spray.
Results
Airblast and Effervescence

Figure 2(a) shows the droplet Sauter mean diameter as a function of radial position for the pure airblast case and for the two

(a) D32 vs. r/D at x/D=0.5

(b) Umean vs. r/D at x/D=0.5

Figure 2: D32 and Umean vs. r/D for cases EA1, EFF1 and EFF2
at the exit plane
combined effervescent and airblast cases. It is clear that a significant reduction in droplet size is achievable with the effervescent mode whilst retaining the same global fuel to air-ratio and
similar global Reynolds numbers. In this instance from EFF1
to EFF2 we see a mimimal change in the droplet SMD however
further addition of effervescent air can reduce the size.
While the global fuel to air ratio remains unchanged the exit
plane conditions are significantly different amongst the effervescent and airblast cases. In order to achieve significant atomization using effervescent air, a relatively high air flow rate
Qe f f is required leading to very high velocities through the 2
mm liquid orifice, which in this instance is not a pure liquid but
a bubbly mixture. This results in markedly different mean axial velocities at the exit plane as seen through figure 2(b) while
also differences in turbulence intensity when comparing a turbulent effervescent spray and an air-blast generated spray. Figure
3(a) shows the turbulence intensity (rms normalized be centreline mean velocity) as a function of radial position where u′ is
the axial rms velocity fluctuation. EA1 is an underdeveloped
‘conventional’ two phase spray which has a minimal turbulence
intensity in the middle of the jet with an increase towards the
shear layer. Comparing this to either of the cases which are assisted with the effervescent mode it is clear that the maximum
turbulence is now in the core of the spray. This significant difference between the two cases is not surprising, given that with
the effervescent mode a turbulent two phase mixture already
exists at the liquid orifice exit plane, unlike the airblast case.
Even though the trends in the turbulence intensity vary, their

(a) u′ /Umean vs. r/D at x/D=0.5

(b) u′ /Umean vs. r/D at x/D=10

Figure 3: u′ /Umean vs. r/D for cases EA1, EFF1 and EFF2 at
the exit plane and at x/D=10

(a) D32 vs. r/D at x/D=0.5

(b) Umean vs. r/D at x/D=0.5

Figure 4: D32 and Umean vs. r/D for cases EAS1, EAS2 and
EAS3 at the exit plane

absolute magnitudes are quite similar. At x/D=10 however, the
normalized turbulence intensity of the effervescent cases is significantly higher and therefore the local Reynolds number will
differ as shown in figure 3(b).
While the turbulence intensity of the effervescent cases is
higher, it should be noted that the mean velocity decays rapidly.
At x/D=10, the mean velocities for cases EA1, EFF1 and EFF2,
are 27.3, 22.4 and 27.5 m/s respectively, yielding a common
global Reynolds number at that location, with a very different
droplet size, which is one of the main purposes of the atomizer.

(a) Spray image 1 for case EA1 at (b) Spray image 2 for case EA1 at
the exit plane
the exit plane

Figure 5: Microscopic droplet deformation images for case EA1

Airblast and Swirl

Figure 4(a) shows the Sauter mean diameter as a function of radial position for cases EAS1, EAS2 and EAS3 of table 1 which
are ordered in decreasing level of swirl. At the centreline it is
clear that the addition of swirl in this geometry does not result in any significant gains in terms of droplet size reduction.
Towards the edge of the spray, for example at r/D=0.5 which
is the edge of the air-nozzle, the droplet sizes for case EAS1
are larger, even though it has the greatest amount of swirling
air. This is a limitation of the current atomizer design which
results in droplet impaction on the inner walls of the air nozzle thus creating a liquid film which re-atomizes. However, this
problem only persists at the exit plane. Further downstream ,at
x/D=10 and onwards the droplet size radial profiles show a clear
advantage of swirl. At x/D=10 for example, not shown here for
brevity, a roughly constant D32 of 23 µm is measured for case
EAS1 compared to almost 30 µm for case EAS3 between radial
locations r/D=0 and r/D=0.5 showing that the droplet size can
be controlled with the addition of swirl.
Breakup regimes

While it has been demonstrated that this atomizer can offer a
degree of droplet size control it is necessary to examine the
physical mechanisms that result in markedly different droplet
sizes amonsgst the various cases. In this section we present a
selection of images which demonstrate the type of break-up or
deformation regimes that persist at the exit plane of the atom-

izer, giving some further physical insight into how these atomization mechanisms break-up the ejected liquid jet. We present
the pure airblast case as a benchmark, and the combined effervescent with airblast modes. Break-up regimes of combined
airblast and swirl have received some attention in the literature
and therefore those images are not presented here [6].
The aim is to firstly establish that the atomizer is within well
defined regimes. Figures 5(a) and 5(b) show two instances at
the jet exit plane for case EA1, at the spray jet centreline. These
are typical images that were acquired for case EA1, generally
showing a combination of deformed droplets while also occasional spherical droplets. While ligaments are observed, they
are uncommon which suggests that the exit plane of case EA1
is the end of the primary atomization region. This is in direct
agreement with the measured droplet Weber number at these
locations, which may be calculated directly from the measured
diameters and velocities. As stated in [2] a droplet Weber number Wed less than 1 indicates no significant deformation, while
a Wed > 1 indicates some deformation. Calculating the Weber
number as Wed = (ρg (U − Ug )2 D)/σl yields a value greater
than 1 for only 1.9% of the data for case EA1, thus indicating that there is minimal secondary atomization based on shear
alone for this airblast case, confirming both the accuracy of the
PDA data and the imaging methodology.
Cases that are of particular interest to examine are the combined

(a) Spray image for case EFF1 at (b) Spray image for pure effervesthe exit plane
cent case at the exit plane

Figure 6: Microscopic droplet and ligament images for case
EFF1 and a pure effervescent case

Imaging was used to provide a brief insight into the types of
break-up regimes present in this atomizer. For the airblast case
investigated here only droplet deformation was observed which
agrees with the PDA measurements, confirming the experimental methodolgy. It was determined that the effervescent stage
creates a two phase mixture that is ejected from the liquid jet
which can no longer be atomized, due to the already existent
small droplet sizes. However, lower levels of effervescent air
flow-rate issue large unbroken volumes into the surrounding air,
which subjected to coaxially flowing air could provide a further
interesting way of controlling both the droplet size while also
the manner by which primary atomization occurs.
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