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Characteristics of a Velocity-Modulated Pressure-Swirl
Atomizing Spray
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The liquid spray from a production pressure-swirl atomizing nozzle, attached to a novel high-amplitude
piezoelectric driver, has been characterized using phase-Doppler anemometry and visualization techniques. The
high-amplitude velocity modulation of the hollow-cone liquid jet induced the collisions of consecutive segments
of the liquid sheet, resulting in coherent roll-up and breakup processes in a wide range of the modulation
frequency (ca. 4—52 kHz). Two distinct breakup modes were found at different resonant frequencies: ~17 and
~19 kHz. At the former frequency, the liguid sheet (cone) atomized and bifurcated in two major directions,
dispersing the droplets more evenly; at the latter frequency, the driver’s pumping action induced atomization
near the nozzle exit, accelerated the droplets primarily in the core region, and narrowed the spray angle with
increasing driving power. The driver was able to improve spray quality, even at a low pressure of 207 kPa
(compared to a normal operating pressure of 690 kPa). Thus, the atomizer is promising to throttle the liquid

flow rate and increase the turndown ratio.

Introduction

RESSURE-SWIRL atomizers are commonly used in a

variety of practical devices, including propulsion and power
systems such as gas-turbine combustors, and industrial and
domestic burners. A major design problem of such atomizers
is achieving good atomization over a range of fuel flow rates
in which the maximum-to-minimum (turndown) ratio may
reach 40.! The operational flow rate range is bounded by poor
spray characteristics at low flows (or pressures) and excessive
pressures at high flows. Furthermore, because the swirl slot
and orifices in the pressure-swirl atomizing nozzles are small
and tend to clog, the nozzles designed for low fuel flow rates
(<0.8 cc/s) are not always reliable.? Therefore, if the spray
quality were improved at low flow rates, the turndown ratio
would be increased dramatically.

Ultrasonic atomizers, developed for low fuel flow rates, are
particularly suitable for domestic oil burners.?-* The ultrasonic
atomizers utilize a vibrating surface, which generates waves
on the liquid surface. The crests of these waves break and
form droplets; the higher the frequency, the smaller the drop-
lets. This technique is advantageous for atomization at low
flow rates because relatively large fuel-feed passages can be
used in the atomizer. However, the droplet velocity from an
ultrasonic atomizer is low compared with that of a pressure
atomizing spray; thus, droplet penetration into the airstream
is less.

An important issue in practical systems, in general, is the
uniformity of the spray. The pressure-swirl atomizer forms a
hollow-cone liquid sheet that is subjected to the Kelvin—
Helmholtz instability*-7 and eventually atomizes. This insta-
bility is convective; i.e., it grows in space with respect to
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an observer sitting on the system. The instability causes the
sheet to flap and segment sporadically; consequently, the
droplets tend to be concentrated in packets (or clusters), thereby
making the spray spatially and temporally nonuniform.® The
clusters of droplets were observed in a spray produced by a
gas-turbine combustor swirl-cup atomizer,’ in which a pres-
sure-swir] atomizing spray impinged on a venturi surface to
form a thin film for secondary atomization by high-shear coun-
terswirl airflow. The combustion of these clusters can lead to
periodic variations in the heat-release rate and pressure in the
combustor and, in turn, may result in various combustion
problems such as combustion roar, combustion-driven oscil-
lations, formation of various pollutants, and even lower com-
bustion efficiency.!” Therefore, if the nonuniform atomization
were eliminated, the combustion characteristics would be greatly
improved.

An atomizer, based on the mechanism of high-amplitude
velocity-modulation, has recently been developed.® 12 It can
generate either monodisperse droplet arrays or polydisperse
sprays, depending on the power supplied to the piezoelectric
driver. The liquid jet to be atomized can be in various forms
such as circular or square column, flat sheet, and conical
sheet. Because of the unique atomization process, droplet
generation or spray atomization can be induced in a wide
range of modulation frequencies. The velocity-modulation at-
omizer has recently'? been characterized for a single-column
jet with a circular or rectangular orifice. In this article, the
piezoelectric driver is used to stimulate a hollow-cone liquid
sheet produced by a production pressure-swirl atomizer. An
attempt is made to gain a better understanding of the velocity-
modulation atomization process and its impact on the char-
acteristics of practical pressure-swirl atomizing sprays. The
phase-Doppler anemometry and two visualization techniques
were used to characterize the spray.

Experimental Techniques
The high-amplitude velocity-modulation atomizer assembly
(Fig. 1) consists of a piezoelectric crystal driver in a circular
housing, described in detail elsewhere,*!'-!* and a pressure-
swirl atomizer (Delavan; hollow-cone type, 60-deg spray an-
gle, 2.1 cc/s nominal flow rate at 690-kPa gauge pressure)
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Fig. 1 Atomizer assembly.

across the end of the housing. The diameter and length of
the atomizer are 26.4 and 87.7 mm, respectively. The working
fluid is introduced into the central passage, distributed around
a piston by a manifold, and discharged from the pressure-
swirl nozzle. The model of the current atomizer contains four
functional elements: 1) the piezoelectric transducers that re-
ceive the electrical signal and convert it to longitudinal me-
chanical motion, 2) a mechanical structure that amplifies the
motion produced by the transducers, 3) a pump that converts
the amplified mechanical motion to a pressure perturbation
in the working fluid, and 4) a nozzle that creates a hollow-
cone fluid sheet whose velocity is modulated by the pressure
perturbation.

The mechanical structure is a cylindrical assembly including
the transducers (EDO Corp.) and the piston, which are com-
bined together and secured to a base mount with a hollow
center bolt. By using a transducer pair and applying the driv-
ing voltage to the center electrode (the piston and housing
are held at ground potential), the probability of an electric
short circuit is reduced. In the driver used in this article, two
pairs of piezoelectric transducers are incorporated in the struc-
ture to augment the longitudinal displacement. The mechan-
ical structure is a resonant device that can exhibit large me-
chanical deflections at specific resonant frequencies. At these
resonances, the motion produced by the transducers is am-
plified at the end of the piston because the length of the
mechanical structure is several times the total thickness of the
transducers. Furthermore, the current and voltage to the pi-
ezoelectric transducer are in phase at these resonant fre-
quencies; thus, energy loss in the electrical power amplifier
is minimized. The narrow passage around the piston, defined
by the housing and an end plate, constitutes the pump. Unlike
other ultrasonic atomizers'*!* that have fluid manifolds de-
signed to be resonant at the operating frequency, the pump
in this device does not have a resonance at the operating
frequency.

The atomizer assembly is attached to a three-dimensional
translational stage incorporating magnetic scales with 5-um-
precision digital indicators. The test fluid® is distilled water
with a small fraction of additives (ethylene glycol, 1.0%; pre-
servative [Givaudan Corp., Giv-Gard DXN], 0.1%; sodium
borate decahydrate, 0.1%; sodium nitrite, 0.1%; benzotria-
zole, 0.01%; concentrated NaOH, trace for pH adjustment
to 8.1), to make the fluid noncorrosive and sterile (measured
surface tension: 69.4 dyne/cm at 21°C). Figure 2 shows a block
diagram of the experimental setup. Compressed air at the
supply tank gauge pressure P, forces the liquid to the atomizer.
The fluid is sprayed downward through the atmosphere into
a large collector (45 cm diameter X 60 cm height), with a
suction line that creates an airflow just sufficient to prevent
the droplets from drifting backward.

The velocity modulation system includes a function gen-
erator (Wavetek 22), power amplifier (Denon POA-2200),
matching transformer, and piezoelectric transducers. The si-
nusoidal driving signal with the peak-to-peak voltage V, , and
frequency f is applied to the center electrode of the piezo-
electric transducers. The peak-to-peak current I, , depends
on the crystal response. Both V, and I, , are measured by
an oscilloscope (Tektronix 2205).

The droplet diameter and velocity are measured by a two-
component phase-Doppler anemometer (Aerometrics), which
consists of a transmitting optic system, receiving optic system,
and counter-type processor. An argon-ion laser (Coherent
Innova 200; typical operating output: 0.3-0.6 W) is the light
source. The calculated fringe spacings of the 514.5- and 488-
nm beams are 6.7 and 6.2 um, respectively. The beam waist
diameter at the beam crossing is approximately 90 um. The
scattering light from a droplet is detected by the receiver at
a 30-deg-off-axis forward-scattering mode. The number of
samples at each location is typically 4000, except for the pe-
ripheral region of a spray where the data rate drops signifi-
cantly. It has been known!®!” that the phase-Doppler mea-
surements are sensitive to user-controlled settings, particularly
photomultiplier tube (PMT) voltage. To maintain the con-
sistency in the setting, the data presented in this article were
acquired using the automated PMT voltage setting, provided
by the manufacturer’s software (PDPA version 4.27B). Ba-
sically, the voltage is adjusted, after several trial runs, to a
value that is high enough to detect small droplets, yet low
enough to avoid the saturation of the PMT at each location
in the spray.
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Fig. 2 Experimental setup.
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Results and Discussion

Optical Observations

Photographic and high-speed cinematographic observations
were made using two types of lighting methods: 1) backlight-
ing (stroboscope or flood lamp) and 2) continuous-wave laser-
sheet (argon-ion laser at an output of 23 W). Figure 3 shows
back-lit stroboscopic photographs of the sprays with and with-
out driving at P, = 690 kPa. The spray with no driving (Fig.
3a) shows a liquid sheet with the development of waves due
to the Kelvin—Helmholtz instability,*7 eventually disinte-
grating into droplets. The waves of the liquid sheet are asym-
metric and their shape seems random. The occasional disin-
tegration of liquid sheet segments, which is then atomized,
appears to cause droplets to group into clusters. By using a
fast Fourier transform (FFT) analysis of the time-of-arrival
data in the phase-Doppler measurement, Bachalo et al.'8 in-
vestigated the pressure atomizing spray. They found that the
dominant frequency of the clusters was 55 Hz if the spray was
in a swirling airflow and that droplet arrival was essentially
random without the airflow. Because liquid-sheet disintegra-
tion occurs randomly, the time-of-arrival data analysis may
not be able to resolve the droplet clustering due to the insta-
bility of the liquid sheet.

At the driving frequency f = 5 kHz (Fig. 3b), the conical
liquid sheet rolled up into a circular ligament that traveled
downstream and shortened the sheet length (cf. Fig. 3a), thus
preventing further growth of the natural instability. As a re-
sult, atomization occurred in a more symmetric and controlled
manner. As the driving frequency increased (Figs. 3c—3e),
multiple coherent rolled-up waves, or ligaments, appeared
before atomization. Consequently, the liquid volume in each

a)

b)

c)

circular ligament (and droplet cluster) decreased. Notice that
the driving frequencies are orders of magnitude larger than
that of the clustering by the airflow.!®

Figures 3e and 3f compare two cases with different applied
voltage (or power) at a fixed resonant frequency (~19 kHz),
at which the current decreased slightly compared to adjacent
frequencies. If the power is low (Fig. 3e), the structure of the
liquid sheet and spray looks similar to those observed at lower
frequencies (Figs. 3b—3d). However, if the power is high (Fig.
3f) with the voltage the same as Figs. 3¢ and 3d, the atomi-
zation process changes dramatically; atomization appears to
take place near the nozzle exit.

The laser-sheet planar visualization was made in the vertical
plane, including the axis, and horizontal planes at different
axial distances from the nozzle [x = 20 mm, 60 mm (not
shown), and 100 mm (not shown)]. Figure 4 shows the ex-
posure (1/250 s) photographs of the sprays with and without
driving. The vertical tomogram for the no-driving case (Fig.
4a) clearly shows a liquid sheet (bright linear zone) that at-
omizes into droplets at the distance along the sheet from the
nozzle exit / = 7 mm. In the periphery of the spray down-
stream, some droplets were quickly curved inward (more no-
ticeable in the right half), while others kept going straight.
This trend shows that smaller drops are entrained by the
spray-induced flow into the internal region after losing their
momentum and larger drops with a higher momentum con-
tinue their straight trajectories.

The horizontal tomogram at x = 20 mm (Fig. 4b) exhibits
the ““hollow-cone” structure (bright circle) of the spray. Here,
the time-exposure photographs of sprays need to be inter-
preted carefully because of the spatial variations in the droplet
number density, size distribution, and velocities. The area of

20 mm

Fig. 3 Back-lit stroboscopic photdgraphs. P, = 690 kPa: a) no driving; b) f = 5kHz, V,,, = 800 V, I, , = 40 mA; c) f = 10 kHz, V,, = 1400

s fpp

V,I,, = 160 mA; d) f = 15kHz, V,,, = 1400 V, I, , = 260 mA; e) f = 19.2 kHz, V,, =340V, I, =100 mA; and f) f = 19.1 kHz, V,, =
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1400 V, I, = 260 mA.
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20 mm

Fig. 4 Laser-sheet planar visualization photographs. Exposure: 1/250 s. P, = 690 kPa: a) and b) no driving; ¢) and d) f = 19.0 kHz, V_, =
1000V, 71,, = 184 mA; e)and f) f = 19.0kHz, V,, = 1500 V, I,,, = 300 mA.

s “pp

high-volume flux appears to be bright regions in the photo-
graph because of the scattering from multiple droplets passing
during the exposure period as well as the high-intensity scat-
tering from large particles. However, even if the volume flux
is small (such as the area where low-speed small droplets are
drifting), the scattering light is recorded in the film. For this
reason, the central region of the hollow-cone-type spray is
not completely dark in the photograph.

For a high driving power (1500 V, 300 mA) at ~19 kHz
(Figs. 4c and 4d), the bright hollow-cone sheet near the nozzle
and a bulb-like atomization region (Fig. 4a) were no longer
observed, and the atomization appeared to occur right after
the nozzle exit. As a result, a dense core was formed and the
spray angle decreased. On the other hand, at another resonant
frequency (~17 kHz; Figs. 4e and 4f), at which the current
increased slightly compared to adjacent frequencies, atomi-
zation occurred after a hollow-cone sheet was formed, similar
to the no-driving case (Fig. 4a), but at a location closer to the
nozzle (/ = 4 mm). The droplet stream is apparently bifurcated
in two major directions [i.e., along the conical surface and
inward (Fig. 4e)], dispersing the droplets more evenly (Fig.
4f). At this frequency, the spray angle did not change at a
higher power (V,, = 1500 V, [, = 320 mA; not shown).
High-speed (10,000 fps) cinematography (not shown) was
helpful in interpreting the still photographs, although it was
not able to resolve the atomization process completely.

Although there are some ambiguities in determining the
exact locations of the liquid sheet and roll-up waves, quan-
titative information can be retrieved from the back-lit stro-
boscopic photographs. Figure 5 shows the wavelength of the
roll-up waves A measured along the liquid sheet, the wave
transit velocity A X f, and the cone apex angle 26 as a function
of the driving frequency at P, = 690 kPa. The data points of
these variables at 10 kHz show that the effect of the driving
power is negligible except for the driver’s second resonant
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Fig. 5 Variations in a) wavelength, transit velocity and b) cone angle
with the driving frequency. P, = 690 kPa.

frequency (~19 kHz). The wavelength decreased almost in-
versely with increasing the driving frequency; thus, the wave
transit velocity was nearly constant (~28 m/s). The cone angle
varied slightly from its no-driving value (78 deg) with driving
frequency, but the variation was not significant. By contrast,
at the resonant frequency, the wavelength and velocity in-
creased and the cone angle decreased dramatically (approx-
imately 36% for all variables) by increasing the driving power
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(from 390 V, 100 mA to 1400 V, 200 mA). Apparently, the
driver’s pumping action accelerated the liquid jet velocity,
and large velocity fluctuations caused atomization near the
nozzle exit, narrowing the spray cone angle (Figs. 3f and 4c).

Velocity-Modulation Atomization

While it has long been known*-7 that atomization in the
pressure-swirl spray occurs as a result of the natural instability
and breakup processes, the atomization process under high-
power stimulation by the current piezoelectric driver is dom-
inated by a totally different mechanism, which we call®® the
“velocity-modulation atomization.” Figure 6 shows concep-
tual sketches of the atomization processes for a single-column
jet and a conical sheet. In the low-power (Rayleigh breakup)
mode in a single jet (Fig. 6a), the piezoelectric driver only
establishes periodic boundary conditions for the capillary in-
stability, which then breaks the cylindrical liquid jet into a
stream of monodisperse drops. In the high-power mode (Fig.
6b), sufficiently energetic velocity modulation of the liquid is
employed to generate large surface perturbations that break
the liquid jet into a spray. Unlike conventional Rayleigh-
breakup monodisperse droplet generators'®~** or conven-
tional ultrasonic atomizers,’* which use the mechanical vi-
bration of the nozzle, this atomizer directly generates a
high-amplitude velocity perturbation of the liquid flow. The
atomization mechanism is similar to that produced by im-
pinging jets,>* except here all the liquid emerges from the
same nozzle. Sections of the fluid jet, moving at different
relative velocities, collide; this impact creates radial velocity
perturbations, forms circular discs, and atomizes the fluid.

In the velocity-modulated hollow-cone liquid jet, segments
of the liquid sheet possess a velocity fluctuation whose sign
changes alternatively (Fig. 6c). Thus, the collisions of seg-
ments of liquid sheet result in roll-up of the sheet (if the
modulation is moderate), create circular waves (or ligaments),
then break up into droplets. The formation of the ligaments
and atomization were observed (Figs. 3b—3e) in a wide range
of the modulation frequency (4—52 kHz). The characteristics
of the spray changed significantly at the piezoelectric driver’s
resonant frequency (~19 kHz), at which the mechanical de-
flections were so large that the magnitude of velocity mod-
ulation might be comparable to the average velocity. Con-
sequently, the high-power pumping action induced large
collisions in the vicinity of the nozzle exit; thus, atomization
occurred before a thin conical sheet formed (Figs. 3f and 4c).
On the other hand, the bifurcated atomization process ob-
served at f = 17 kHz (Fig. 4e) apparently occurred at a certain
distance (~2A) from the nozzle along the sheet. Although
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Fig. 6 Conceptual sketches of the velocity-modulation atomization
processes: a) single jet, low-power (Rayleigh breakup) mode; b) single
jet, high-power mode; and c) hollow-cone jet. Arrows indicate the
directions of the velocity fluctuation. :

c)

critical conditions that determine the occurrence of these dif-
ferent atomization processes have not yet been revealed, the
velocity-modulation amplitude relative to the average liquid
sheet velocity must be a decisive factor. Therefore, the pie-
zoelectric driver’s electromechanical responses near the res-
onance frequencies must play a key role.

Phase-Doppler Anemometry Measurements

The experimental conditions for the phase-Doppler mea-
surements are shown in Table 1, which also includes the cross-
sectional average diameters that will be explained later. The
results for the base case at P, = 690 kPa with no driving (run
1) will be presented first, and the effects of the driving power
(runs 2, 3, and 3%), the driving frequency (run 4), and the
atomizing pressure (runs 5 and 6) will be examined.

Figure 7a shows the radial profiles of the (validated) data
rate (D.R.) of the phase-Doppler measurement (which ap-
proximately represents the droplet number flux), with the
probability density functions (pdf) of the droplet diameter at
selected locations at three different axial distances from the
nozzle for the no-driving case (run 1). At x = 20 mm, the
data rate showed double peaks that reached ~2600 Hz at the
transverse distance from the axis y = =8 mm, and the spray
was bounded at y = £22 mm. This. result is consistent with
the horizontal laser-sheet photograph (Fig. 4b), which shows
the hollow-cone nature of the spray. At downstream loca-
tions, the peak values decreased (and two peaks merged at
x = 100 mm) and the spray boundary spread, as expected.
The pdf shifted toward larger droplet diameters outwardly or
downstream. Figure 7b shows the radial profiles of the arith-
metic mean droplet diameter

N
(Dm = 2 d,-/N)
i=1

where d;: diameter of ith droplet; N: total number of sample,
and Sauter mean droplet diameter

N N
(D;: = d?/E d%)
i=1 i=1

Atx = 20 mm, D,, was minimum (~8 um) on the centerline
and increased outwardly to ~40 um at the spray periphery
(y = %22 mm). D,, was larger (13-70 um), typical of poly-
dispersed sprays, because it reflected the volume (and surface
area) of the droplets, thereby weighting more on larger drops.
As the spray spread out downstream (x = 60 mm, 100 mm),
the maximum values of both D, and Ds, in the spray pe-
riphery increased. This result is consistent with the optical
observation that the smaller droplets in the peripheral region
tend to be entrained inwardly and the larger droplets tend to
remain in the region as described before.

Figure 7c shows the mean axial U, and radial V, droplet
velocity components. At x = 20 mm, U, had double peaks
(~11 m/s) at y = +£12 mm, slightly outside the data-rate
peaks, and V, reached its maximum (~8 m/s) further outside
(y = £20 mm) the U, peaks. At downstream locations (x =
60, 100 mm), the magnitudes of both U, and V,, decreased as
the droplets lost their momenta due to drag forces. Figure 7d
shows the mean droplet trajectory angle a, with respect to
the x axis, determined by taking an average of the individual
trajectory angle calculated from the velocity components.
At x = 20 mm, the radial locations at which 2|a,| =~ 60
deg (nominal spray angle) were coincident with the peak loca-
tions (y = =15 mm) of the total mean droplet velocity
(VU3 + V3). For the droplets in the periphery, where the
data rate vanished, 2|a,| reached ~100 deg at x = 20 mm
and decreased downstream to ~60 deg at x = 100 mm.

Figure 8 shows the effect of driving at different power levels
and frequencies at P, = 690 kPa, measured at x = 20 mm.
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Table 1 Experimental conditions and cross-sectional average diameters
Run P, kPa f, kHz Vo V 1,,, mA Dy, pm D>, pm
1 690 —_— No driving e 26 60
2 690 19.1 1000 184 24 50
3 690 19.3 1400 224 23 49
3ra 690 18.9 1500 290 _ e
4 690 17.1 1000 240 22 55
5 207 _— No driving —_— 42 97
6 207 19.1 1000 184 37 93
“Run 3% is for the axial scan only (Fig. 9).
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Fig. 7 Radial profiles of a) data rate, b) mean droplet diameters, c)
velocity components, and d) mean trajectory angle. No driving (run
1). P, = 690 kPa.

For f = 19 kHz, the peak values of the data rate increased
more than twice with an increase in the driving power (runs
2 and 3 in Fig. 8a), compared to the no-driving case (run 1),
and the distribution narrowed. This finding is consistent with
the measurement of the cone angle (Fig. 5b) that the spray
angle became narrower with driving. At f = 17 kHz (run 4),
the data rate showed a peculiar distribution, i.e., high data-
rate peaks (nearly three times that of run 1) similar to driving

Fig. 8 Effect of driving power and frequency on the radial profiles
a) data rate, b) mean droplet diameters, ¢) velocity components, and
d) mean trajectory angle. P, = 690 kPa, x = 20 mm.

at 19 kHz (runs 2 and 3) in the central region (—10 <y <
10 mm) and a distribution nearly identical to the no-driving
case (run 1) in the outer region (Jy| > 10 mm). Thus, the
bifurcated atomization process threw droplets into the core
region at high rates, while it maintained the droplet number
flux the same as the no-driving spray in the periphery. Figure
8b shows the mean diameter distributions. The profile of D,
for run 4 followed almost exactly the no-driving case (run 1)
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in —10 <y < 10 mm, while the profiles for runs 2 and 3 were
significantly narrower. The profile of D, for run 4 showed a
peculiar deviation from the curve for the no-driving case be-
cause of the changes in the pdf as a result of the bifurcated
atomization.

To assess the influence of driving on the droplet diameter
in a global manner, the spray cross-sectional average diam-
eters (D,,, D;,) were calculated by taking arca averages of
D\, and D, from the centerline to the spray periphery with
the data rate as the weighting factor. Although this procedure
is somewhat crude (since it does not take into consideration
the dependency of the probe cross-sectional area on the drop-
let diameter), it requires only principal variables (D,,, D,,,
and D.R.), which are less sensitive to the instrument settings
and the flowfield than the derived variables (the number den-
sity and volume flux), and thus, more reproducible. Further-
more; the procedure is probably sufficient to evaluate the
differences due to excitation of the driver. Table 1 lists the
results of the averages for all cases. As a result of driving,
D), and Dy, decreased ~8 and ~17%, respectively, for run
2; ~12 and ~18%, respectively, for run 3; and ~15 and ~8%,
respectively, for run 4. These changes are considered to be
significant and should be greater than the measurement error.

The mean axial and radial droplet velocity distributions
(Fig. 8c) show striking differences due to the driving condi-
tions. For f = 19 kHz (runs 2 and 3), both U, and V, at two
different power levels were nearly identical, and U, was ~40%
greater than the no-driving case (run 1) in the central region
(—10 < y < 10 mm). This result is reasonable compared to
the increase in the wave transit velocity with the driving power
described earlier (Fig. 5a). By contrast, for f = 17 kHz (run
4), U, exhibited peculiar distributions. The U, profile was
close to the no-driving case, except for the near-axis region
(-5 <y < 5 mm), where U, increased ~75% with driving.
The mean droplet trajectory angle (Fig. 8d) shows only small
changes as a result of driving. Therefore, the basic fanning
pattern of the droplet trajectory was nearly the same for dif-
ferent cases at x = 20 mm because the atomization and re-
distribution processes occurred close to the nozzle (x < 10
mm). The only noticeable difference was that the no-driving
case has a wider central region (where V, ~ 0 and a, ~ 0)
than those of other cases.
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Fig. 9 Axial profiles of a) mean droplet diameters and b) velocity
components. P, = 690 kPa, y = 0 mm.

Despite the variations in the droplet velocity profiles and
redistribution of droplets observed, the total liquid flow rate,
measured by weighing the liquid collected in a plastic bag in
a fixed time, remained nearly constant (<2%). The driver’s
pumping action caused increases in the mean droplet velocity
and velocity perturbations, but did not alter the mean flow
rate. Therefore, the substantial increase (a factor of 2—-3) in
the data rate in the central region, where D is small, implies
that a large number of small droplets were produced as a
result of driving and flow in the central region. The accel-
erated droplet velocities observed at ~19 kHz are beneficial
for a deeper penetration of droplets into the gas stream, and
the redistributed spray at ~17 kHz is useful for certain ap-
plications in which uniform droplet distribution is desirable.

Figure 9 shows the axial profiles of the mean diameters and
velocity components along the centerline. D,, was nearly the
same for all different conditions and increased gradually
downstream. Since D,, is more sensitive than D, to the oc-
casional arrival of large droplets, it exhibits more scatter in
the data points. Driving at f = 19 kHz decreased D, as the
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Fig. 11 Axial profiles of a) mean droplet diameters and b) velocity
components. P, = 207 kPa, y = 0 mm.

power was increased (runs 2 and 3%), except for the near-
nozzle region (x < 20 mm), because of reduced frequencies
of larger droplets. At f= 17 kHz (run 4), D, was larger than
the no-driving case (run 1), because large droplets were thrown
into the core region as a result of the bifurcated atomization.
U, increased as the driving power was increased at f = 19
kHz because of the stronger pumping action. The effect of
the driving frequency was insignificant (runs 2 and 4).

At alower pressure (P, = 207 kPa), the high-power velocity
modulation affected the spray structure significantly. Without
driving, the conical liquid sheet became bell-shaped before
atomization because of low liquid-jet momentum; thus, spray
quality deteriorated. Table 1 includes D,, and Ds,, showing
the reduction of ~17 and ~4%, respectively, as a result of
driving. Figures 10b and 10c show the radial profiles of the
mean droplet diameters and velocity components with and
without driving at x = 20 mm. For the no-driving case (run
5), Dy, D3, and U, all exhibit a single peak on the centerline
because of atomization near the center, indicating that most
of the liquid mass was flowing in the core region; the spray
lost its hollow-cone nature. By contrast, for run 6, the driver’s
pumping action assisted in forming a conical liquid sheet and
atomizing it similar to the higher-pressure sprays. Conse-
quently, the distributions of the mean diameters and velocity
components became qualitatively similar to those of the high-
pressure sprays, although the droplet diameters were larger
and the velocity components were lower. The mean droplet
trajectory angle (Fig. 10d) at a fixed y became smaller with
driving because the atomization point moved closer to the
nozzle as the bell-shaped liquid sheet disappeared. Figure 11
shows the effect of driving on the axial profiles of D,,, D,
and U, at P, = 207 kPa. Both D, and D,, were decreased
significantly by driving. Because of the difference (single peak
vs double peaks) in the radial profiles of U, (Fig. 10b), U,
was decreased by driving except in the near-nozzle region
(x < 15 mm). Thus, the high-amplitude velocity modulation
- extends the turndown ratio by improving the spray quality,
which otherwise deteriorates under low pressures.

Conclusions

The impact of the high-amplitude velocity-modulation on
the characteristics of a pressure-swirl atomizing spray is dem-

onstrated based on the optical observations and the phase-
Doppler measurements. The driver is uniquely designed to
generate high-amplitude velocity perturbations rather than
the mechanical vibration of the nozzle used in many other
devices. As a result, a coherent roll-up of a hollow-cone lig-
uid-sheet and subsequent uniform breakup are induced by the
process similar to the impinging atomization, in a wide range
of the modulation frequency (4-52 kHz). This process pre-
vents the natural growth of the Kelvin—Helmholtz instability
that otherwise develops on the conical liquid sheet, thereby
reducing the liquid volume of a droplet cluster. Two distinct
breakup modes exist at different resonance frequencies. At
~17 kHz, the liquid sheet atomizes and bifurcates in two
major directions, thus dispersing droplets more evenly within
the spray. At ~19 kHz, the spray angle narrows and the
droplets in the core region accelerate as a result of the driver’s
pumping action. The large droplet number flux caused by the
driver’s pumping action is helpful in maintaining a good spray
quality at low pressures and, in turn, in increasing the turn-
down ratio dramatically.
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