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A new spray technique, called ultrasound-modulated two-fluid (UMTF) atomization, 
is based on resonance between the liquid capillary waves generated by ultrasound and 
those generated by high-velocity air. The capillary waves generated by ultrasound on the 
cone of liquid film issuing from a coaxial two-fluid atomizer are magnified in amplitude 
by air blowing around them. Atomization occurs when the amplitude of the capillary 
waves is too great to maintain wave stability, and the resulting drop sizes are determined 
by the frequency of the ultrasound. Calculations of the relative amplitude growth for the 
capillary waves of various wavelengths yield predictions that agree remarkably well with 
experimental results of drop size and size distribution. Specifically, uniform drops with 
diameter determined by the third harmonic frequency of the ultrasound are obtained in 
UMTF atomization at high air velocity and large air-to-water mass ratio. In contrast, 
drop-size distributions with multiple peaks are obtained in UMTF atomization at low air 
velocity and small air-to-water mass ratio. The use of air also allows the liquid jet to 
atomize at ultrasonic power levels below and liquid flow rates above the threshold val- 
ues for ultrasonic atomization without air. These new findings provide not only direct 
evidence of the capillary wave mechanism but also a means of controlling drop size and 
size distribution in two-fluid atomization. 

Introduction 
Airblast or two-fluid atomization has been widely used in 

slurry combustion and spray drying (Marshall, 1954; Dorn- 
browski and Johns, 1963; Laskowski and Ranz, 1970). Two- 
fluid atomizers have a number of advantages over pressure 
atomizers, including lower slurry pressure and finer spray. 
The wave nature of two-fluid atomization was verified by di- 
rect wavelength and frequency measurements of a liquid jet 
issuing from a coaxial research atomizer (Eroglu and Chigier, 
1991). Nevertheless, the physical mechanisms of this complex 
process are not yet fully understood. Drop sizes are related 
to atomizer designs and atomization conditions through em- 
pirical correlations (Lefebvre, 1989). In contrast, the capillary 
wave mechanism of ultrasonic atomization (atomization of 
liquid using ultrasound alone) of a liquid jet has been well 
accepted since its first demonstration in 1962 (Lang, 1962; 
Berger, 1985; Elrod et al., 1989; Lin and Woods, 1991). 
Specifically, capillary waves are formed in liquid film intro- 
duced onto a solid surface that is vibrating at frequencies in 
excess of 10 kHz; an increase in the vibrational amplitude 
results in a corresponding increase in the amplitude of the 

liquid capillary waves (Berger, 1985). Atomization occurs 
when the vibration amplitude increases to the point where 
the amplitude of the capillary waves is too great to maintain 
wave stability. The resulting drop size is proportional to the 
wavelength of the capillary waves which is, in turn, deter- 
mined by the ultrasonic frequency in accordance with the 
Kelvin equation (Lang, 1962). 

Capillary waves are also produced on the surface of a liq- 
uid jet by blowing air around it as in two-fluid atomization 
(Jeffreys, 1925; Adelberg, 1967 and 1968; Tsai and Viers, 
1992). We believe that when the liquid capillary waves gener- 
ated by air are in resonance with those generated by a vibrat- 
ing nozzle, energy is transferred from the air to the liquid jet, 
resulting in jet atomization. In other words, the capillary 
waves created on the surface of the liquid jet by a vibrating 
nozzle are magnified in amplitude by the air blowing around 
them and eventually collapse into drops. We call this new 
spray technique “ultrasound-modulated two-fluid (UMTF) 
atomization” (Tsai, 1995). The theoretical basis and experi- 
mental verification of drop size and size distribution resulting 
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from break up of such resonant liquid capillary waves are 
given in this article. Remarkable agreement between the the- 
oretical predictions and the experimental results led us to 
conclude that two-fluid atomization of a liquid jet, at least in 
part, occurs via the same capillary wave mechanism as the 
ultrasonic atomization. 

Also presented in this article is a brief discussion of the 
well-studied dispersion relations based on the linearized 
Navier-Stokes equations for spatial instability (Leib and 
Goldstein, 1986; Lin and Lian, 1993) and temporal instability 
of a liquid jet (Reitz and Bracco, 1982; Lin and Ibrahim, 1990), 
as well as the unified theory on break up of a liquid jet issu- 
ing from a nozzle into the atmosphere (Lin and Lian, 1990). 
Comparison of these dispersion relations to our experimental 
results is limited because of the differences in atomization 
conditions. 

I - 1  

Experimental Setup 
A diagram of the bench-scale atomization unit is shown in 

Figure 1. Major components of the unit include an atomiza- 
tion chamber, a coaxial two-fluid atomizer, Brooks precision 
rotameters for accurate flow-rate measurement, and a 
Malvern Particle Sizer 2600c for spray-size analysis. The at- 
omization chamber (Tsai and Viers, 1992) measures 35.5 cm 
x 35.5 cm x 64 cm. The coaxial two-fluid atomizer is located 
at the center of the atomization chamber, as shown in Figure 
1. It consists of a Sono-Tek ultrasonic atomizing nozzle sys- 
tem Model 8700 (Berger, 1991) for liquid flow and an annu- 
lus that allows air blowing around the liquid jet as it exits the 
nozzle tip in a manner similar to an externally mixed two-fluid 
atomizer (Tsai and Viers, 1992). The distance between the 
nozzle tip and the optical path (abbreviated as distance or 
noz-beam in the figures) was varied from 2.3 cm to 16.5 cm. 

The Sono-Tek ultrasonic nozzle (Berger, 1985) as shown in 
Figure 2 consists of a pair of washer-shaped ceramic piezo- 
electric transducers sandwiched between two titanium cylin- 
ders located in the large diameter (about 3.6 cm) of the noz- 
zle body. Two O-rings serve to isolate the nozzle from the 
external housing. The piezoelectric transducers receive elec- 
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Figure 1. Bench-scale atomization setup. 

Figure 2. Sono-Tek ultrasonic atomizing nozzle. 

trical input in the form of a high-frequency signal from a 
power generator Model PS-88 and convert the input electri- 
cal energy into mechanical energy of vibration. The nozzle is 
geometrically configured such that excitation of the piezo- 
electric transducers create a standing wave through the noz- 
zle with maximum vibration amplitude occurring at the 
nozzle tip (orifice diameter of 0.93 f 0.02 mm) and a node at 
the fixed joint of the piezoelectric transducers, as shown in 
Figure 2. The input electric power to the piezoelectric trans- 
ducers can be varied from zero to 10 W as measured by a 
power meter, and the corresponding signal as measured by a 
Tektronix digitized oscilloscope Model TDS-460 is shown in 
Figure 3. The frequency spectrum of the Sono-Tek ultrasonic 
nozzle #1 (Erickson, 1987) as measured by a Hewlett-Packard 
Spectrum Analyzer Model 8562A shows fundamental (first 
harmonic) resonant frequency of the piezoelectric transduc- 
ers at 54 kHz and the third harmonic frequency of 174 kHz, 
as shown in Figure 4; the relative spectral power (square of 
voltage) of the third harmonic with respect to the fundamen- 
tal varies from 0.78 (- 1.1 dB,) to 0.29 (-5.3 dB,). The 
fifth (290 kHz) and the seventh harmonics also exist, but to a 

Figure 3. Electrical signal at the input to the Sono-Tek 
ultrasonic atomizing nozzle #l. 
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Figure 4. Frequency response of the Sono-Tek ultra- 

sonic nozzle (#1) system Model 8700 with in- 
put signal at 54 kHz (fundamental resonance 
frequency of the transducer). 

much lesser degree. Note that the vertical scale in Figure 4 is 
linear in mV only. Likewise, the frequency spectrum of the 
Sono-Tek ultrasonic nozzle #2 shows the first three harmon- 
ics at frequencies of 108 kHz, 336 kHz, and 560 kHz. Even 
harmonics are negligible in both nozzles. The relative spec- 
tral power levels of the higher harmonics with respect to that 
of the fundamental depend on the driving electrical circuit of 
the nozzle system. 

A steady liquid flow rate is maintained by a diaphragm-type 
Brooks Flow Controller Model 8800 that is an integral part 
of the precision rotameter for liquid-flow-rate measurement. 
Most experiments were carried out at constant water flow 
rates of 17.3 and 5.1 cm3/min, equivalent to liquid velocities 
of 42+2 and 12+2 cm/s. A water flow rate as low as 1.3 
cmymin was also used in an attempt to achieve the mean 
drop diameter reported in the literature (Berger, 1985). Con- 
stant air flow rates ranging from 28.6 to 7.2 Standard L/min 
provide air velocities ranging from 220 f 30 to 80 f 5 m/s. The 
large uncertainty in air velocity is caused by errors in mea- 
surement of the annular cross-sectional area for air flow. 

The atomized drop size and size distribution is measured 
using a Malvern Particle Sizer Model 2600c and presented in 
frequency (i.e., volume percent) plots of drop diameters 
(Model Independent). The Malvern Particle Sizer measures 
the drop size and size distribution of the spray through 
diffractive scattering (Fraunhofer diffraction) of laser light 
(Swithenbank et al., 1976). This line-of-sight measurement 
takes a 13-s time average of a steady-state spray, and covers 
the larger drops at the rim and the smaller drops in the core 
of the spray as observed by the point measurement of Phase 
Doppler Interferometry (McDonell and Samuelsen, 1993). 
The frequency plot is volume based, but the number-based 
mean diameter (NMD) is also available in the Malvern soft- 
ware. Based on our results of unimodal (single-peak) drop- 
size distributions, the NMD is significantly smaller than the 
peak diameter of the volume-based frequency plot because 
larger drops carry more weight than smaller drops in the lat- 
ter, while the reverse is true in the former. The Particle Sizer 
is calibrated using known particle-size and size-distribution 
standards provided by Advanced Particle Measurement, Cali- 
fornia. The uncertainty in drop-size measurement is f5%. 

For example, the standard deviation of the volume-mean 
diameters of the drop-size distributions in ultrasound-mod- 
ulated two-fluid atomization is f 2  pm. Excellent repro- 
ducibility has been obtained, as shown by the open and solid 
data points of duplicate experiments in the volume-percent 
plots in the Results and Discussion Section. 

Resonant Liquid Capillary Waves Mechanism 
When air blows along a liquid jet, waves form on the jet 

surface. The amplitude ( A )  of these surface waves is de- 
scribed by the following differential equation (Jeffreys, 1925; 
Adelberg, 1967, 1968; Tsai and Viers, 1992): 

dA 7TppA(b - u ) 2  8 7  
- = A [  at APU PA2 = A < ,  (1) 

where A, u,  p, pA, p, and p are wavelength, wave velocity, 
liquid density, air density, liquid viscosity, and Jeffreys shel- 
tering parameter, respectively. Note that p is a numerical 
value ranging from 0 to 1 that represents the fraction of waves 
exposed to wind (Jeffreys, 1925). Equation 1 was first derived 
(Jeffreys, 1925) for wind blow over water surface from the 
equations of continuity and motion with two assumptions: (1) 
the tangential stress is zero at the air-water interface, and 
(2)  the pressure of the wind with a relative velocity V, - u on 
the advancing wave profile roughly equals ppA(VA - 
u)’dA/dz, where the z-axis is the direction of wind blow. It 
was later (Adelberg, 1967) applied to break up of a liquid jet 
in a gas stream flowing parallel to the jet axis (z-axis). These 
surface waves are standing waves with the amplitude propor- 
tional to ei‘cos(2rrz/A). The amplitude at a fixed z grows 
exponentially with time when V, exceeds the minimum val- 
ues determined by setting dA/dt = 0, that is, 5 = 0. 

From Eq. 1, we see that the amplitude that is damped by 
the liquid viscous force increases as the relative air velocity 
(V, - u )  increases. When both the aerodynamic pressure and 
the surface tension (a) are significant, the wave velocity u is 
given (Jeffreys, 1925) by 

Ah 2rra 
.=[.-+TI ’ 

where the acceleration (A) is caused by the aerodynamic drag 
on the liquid jet. The first term, due to acceleration waves, is 
neglected in comparison with the second term, due to capil- 
lary waves, for pertinent A’s under investigation. Our order- 
of-magnitude calculations (Tsai and Viers, 1992) show that at 
an air velocity of 250 m/s, the first term is less than one-fifth 
of the second term for water waves with A’s smaller than 100 
pm. This is also true for water waves with A’s smaller than 
250 p m  at an air velocity of 100 m/s. 

When in resonance, A of the air-generated waves equals 
the wavelength A, of the capillary waves generated on a liq- 
uid jet vibrating at an ultrasonic frequency (f in cps or Hz) in 
accordance with the Kelvin equation (Lang, 1962): 

8rra 
h.=[p] (3) 
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Table 1. Minimum Air Velocity for Temporal Amplitude 
Growth of the Capillary Waves 

k t  P 18 25 28 39 54 85 150 300 
f ? H Z  560 336 290 174 108 54 23 8 
VAm'",m/s 142 110 102 80 63 45 30 18 

1.3 cc/min H20 

v1.0 
c -4  a , +  4 "  

The wave velocity u equals (2aa/ACp)'/2. Note that a liquid 
jet issuing from an ultrasonic nozzle is forced to vibrate at 
the same frequency as the ultrasound, but the frequency of 
the capillary waves generated is only half of the ultrasonic 
frequency (Lang, 1962). When the capillary waves generated 
on the vibrating liquid jet are in resonance with the capillary 
waves generated by the blowing air, energy is transferred from 
the air to the liquid jet. As a result, the amplitude of the 
liquid capillary waves grows exponentially with time, that is, 
A = A,e" as obtained by integration of Eq. 1, when V, ex- 
ceeds the minimum values. These minimum air velocities for 
capillary waves with wavelengths longer than 40 p m  are equal 
to or less than 80 m/s, as shown in Table 1. Atomization 
occurs when the wave amplitude is too great to maintain wave 
stability. 

Results and Discussion 
Based on the aforementioned resonance theory, ultra- 

sound can be used upstream (before the liquid jet is im- 
pinged upon by air) to generate liquid capillary waves with 
wavelengths determined by its frequencies, and thus control 
the drop size and size distribution in two-fluid atomization. 
We call this novel spray technique "ultrasound-modulated 
two-fluid (UMTF) atomization" (Tsai, 1995). 

Ultrasonic atomization (no air) 
Atomization of a water jet was first carried out at water 

flow rates of 1.3,5.1, and 17.3 cmymin using ultrasound alone 
to ensure that the Sono-Tek ultrasonic nozzle system was 
indeed functional. At input power levels above minimum val- 
ues, soft sprays with a round top were seen to start immedi- 
ately at the nozzle tip. We found that the minimum power 
levels required to sustain stable ultrasonic atomization varied 
with water flow rates. The minimum power requirements of 
nozzle #1 (54 kHz fundamental frequency) are 1.0, 1.8, and 
1.9 W at water flow rates of 1.3, 5.1, and 17.3 cmymin, re- 
spectively. Power levels up to 3.5 W have no significant effect 
on the drop-size distribution in ultrasonic atomization. 

The drop-size distribution obtained at a water flow rate of 
1.3 cmymin and a nozzle tip-to-laser beam distance of 2.5 cm 
has a peak volume percent at a drop diameter of 50 p m  (Fig- 
ure 5). The corresponding volume mean diameter (VMD) is 
5 0 f 2  p m  and the NMD is 3 6 f 2  pm, which is somewhat 
larger than the reported number median diameter of 29 p m  
obtained at 12 cm3/min water rate (Berger, 1985). This dis- 
crepancy may be attributable in part to the difference be- 
tween the number mean diameter and the number median 
diameter. The drop-size distribution degenerates into two 
peaks: a primary peak at 40-pm drop diameter and a shoul- 
der at 85 p m  as the nozzle-to-beam distance increases to 13.5 
cm. 

Figure 6 shows that as the water flow rate increases to 5.1 
cmymin, the drop-sue distribution measured at a nozzle-to- 

Drop Diameter, prn 

cm/s (1.3 cm3/min) by ultrasound alone. 
Figure 5. Atomization of water jet at velocity of 3 f 0.5 

beam distance of 2.5 cm shows a dominant peak at 70 p m  
drop diameter (VMD of 61 f 2 p m  and NMD of 41 f 2 pm). 
It degenerates into a primary peak at 80 p m  and a shoulder 
at 40 p m  as the nozzle-to-beam distance increases to 13.5 
cm; further increase in the nozzle-to-beam distance from 13.5 
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(b) 
Figure 6. Atomization of water jet at velocity of: (a) 12 f 

2 cm/s (5.1 cm3/min water flow rate) by ultra- 
sound alone; (b) 42f2 cm/s (17.3 cm3/min 
water flow rate) by ultrasound alone. 
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Figure 7. Drop diameters vs. capillary wavelengths cal- 
culated in accordance with Kelvin equation. 

to 16.5 cm has no significant effect on the drop-size distribu- 
tion. Also shown in Figure 6 is that the shoulder at 40 p m  
becomes more distinct, and the primary peaks shifts from 80 
p m  to 85 p m  as the water flow rate increases to 17.3 cmymin; 
varying the nozzle-to-beam distance from 2.3 to 13.5 cm has 
little effect on the drop-size distribution. 

The two peaks at 40 p m  and 80-85 p m  diameters of the 
aforementioned drop-size distributions can be attributed to 
break up of the capillary waves generated by the first har- 
monic (54 kHz) and the third harmonic (174 kHz) of the 
ultrasound from nozzle #l. It should be noted that the fre- 
quency ratio of the capillary waves with wavelengths of 85 
pm and 40 p m  based on the Kelvin formula, Eq. 3, equals 
(85/40)3/2 = 3. No third peak is seen in the drop-size distribu- 
tions despite the presence of the fifth and seventh harmonics 
in the frequency-response curve of the ultrasonic nozzle (see 
Figure 4). This is not surprising in light of the much lower 
power levels of these higher harmonics and the considerably 
more surface energy required to produce drops 28 pm in 
diameter and smaller. Likewise, two-peak drop-size distribu- 
tions were also obtained in ultrasonic atomization at a water 
flow rate of 12 cmymin using nozzle #2 (fundamental fre- 
quency of 108 kHz). As expected, the primary peak shifts from 
80-85 p m  to 58 f 2 pm, and the secondary peak from 40 p m  
to 22 p m  because nozzle #2 has higher harmonic frequen- 
cies than nozzle #l. In fact, as shown in Figure 7, these peak 
drop diameters coincide with the wavelengths of the capillary 
waves calculated by the Kelvin formula, Eq. 3. It should be 
noted that the volume-based peak diameter is in general 
larger than the NMD. For example, the volume-based drop- 
size distribution with 40 pm peak shown in Figure 8(b) has 
an NMD of 20 pm, which is half of the wavelength of the 
capillary waves generated by the third harmonic of ultra- 
sound from nozzle #l. 

Effects of ultrasound on two-fluid atomization 
In UMTF atomization, a water jet issues from a coaxial 

two-fluid atomizer whose nozzle tip vibrates at an ultrasonic 
frequency; it is then impinged upon by air blowing around it. 
Nozzle #1 with first- (fundamental) and third-harmonic fre- 
quencies of 54 kHz and 174 kHz was used in this study. The 
resulting cone-shape sprays are similar to those in two-fluid 
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Figure 8. (a) Two-fluid atomization of water jet at veloc- 

ity of 12 f 2 cm/s (5.1 cm3/min water flow rate) 
and 160 m/s air velocity (air-to-water mass ra- 
tio of 3.24); (b) UMTF atomization of water jet 
at Velocity of 12 +2 cm/s (5.1 cm3/min water 
flow rate), 150-160 m / s  air velocity 
(air-to-water mass ratio of 3.24), and 1.8 W ul- 
trasound power input. 

atomization (Lefebvre, 1989; Tsai and Viers, 1992). However, 
the drop-size distribution is considerably narrowed and 
shifted to smaller drop diameters compared to that of two- 
fluid atomization (see Figures 8 to 10). Comparisons of Fig- 
ure 8b and Figure 9a to Figure 6a reveal that the peak vol- 
ume percent occurs at the drop diameter (40 p m )  generated 
by the third-harmonic frequency with wavelength of 39 pm. 
In other words, unimodal drop-size distributions (half-widths 
of 15 to 20 pm) with peak volume percent at 40 p m  drop 
diameter (VMD of 35 f 2 p m  and NMD of 20 -t 2 pm) and 
excellent reproducibility are seen in Figure 8b and Figure 9a 
for UMTF atomization of 5.1 cmymin water using ultra- 
sound at input power ranging from 1.5 to 2.5 W, and air at a 
velocity of 150-160 m/s and air-to-water mass ratio of 3.24. 
Figure 9a also shows that the ultrasound input power can be 
as low as 1.0 W when air velocity is increased to 200 m/s and 
air-to-water mass ratio to 4.73. Furthermore, we found that 
the nozzle-to-beam distance varying from 2.3 to 13.5 cm had 
no effect on the drop-size distribution because of a single 
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(b) 
(a) Effects of ultrasound input power on the 
drop-size distribution of UMTF atomization of 
water jet at velocity of 12f2 cm/s (5.1 cm3/ 
min water flow rate) and 150-160 m/s air ve- 
locity (air-to-water mass ratio of 3.24); (b) ef- 
fects of air-to-water mass ratio on the drop 
size and size distribution in UMTF atomization 
at 200 m/s air velocity and 1.0 W ultrasound 
power. 

predominating wavelength. Increase in air-to-water mass ra- 
tio from 3.24 to 7.02 had no effect on the drop-size distribu- 
tion either. It should be noted that in the presence of high- 
velocity air, water at a flow rate of 5.1 cmymin was atomized 
even at 1.0 W, resulting in drop-size distributions similar to 
those obtained at 1.8 and 2.5 W (see Figure 9a); no atomiza- 
tion was observed at this water flow rate when ultrasound at 
1.5 W was used alone. In other words, the capillary waves 
generated by 1.0 W ultrasonic energy were stable with no air 
flow, but were unstable and broke up into sprays with air 
flow at a high velocity. 

Similar results were obtained in UMTF atomization of wa- 
ter at 17.3 cmymin flow rate and ultrasound input power of 
2.5 or 1.8 W. Specifically, drop-size distributions with one 
slightly broader peak at 40 p m  diameter (VMD of 44 f 2 pm, 
NMD of 28+2 pm, and half-width of 30 prn) and excellent 
reproducibility are seen in Figure lob for UMTF atomization 
at 220 +_ 30 m/s air velocity and air-to-water mass ratio of 2.07. 
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(b) 
(a) Two-fluid atomization of water jet at ve- 
locity of 42+2 cm/s (water flow rate of 17.3 
cm3/min) and air velocities of 100f20 and 
220 + 30 m/s; (b) UMTF atomization of water 
jet at velocity 42 + 2 cm/s (water flow rate of 
17.3 cm3/min), air velocity of 220 f 30 m/s 
(air-to-water mass ratio of 2.071, and ultra- 
sound input power levels of 1.8 and 2.5 W. 

However, as the air velocity is reduced from 220f30 m/s to 
100 f 20 m/s and the air-to-water mass ratio from 2.07 to 1.18, 
drop-size distributions with three distinct peaks at about 40 
pm, 90 pm, and 300 p m  are seen in Figure 1la  despite 
fine-tuning of the nozzle position with respect to the position 
of air impingement. Comparisons of Figure l l a  to Figure 10a 
and Figure 6b clearly show that the drop-size distributions in 
Figure l l a  are composed of those of ultrasonic atomization 
and two-fluid atomization. In fact, the drop-size distribution 
obtained at these conditions (low air velocity and low air-to- 
water mass ratio) varies with the ultrasonic power. As shown 
in Figure l lb ,  the larger drops generated by air gain impor- 
tance as the ultrasonic input power decreases. 

We believe that the predominating 40 p m  peak of the 
drop-size distribution for UMTF atomization at high air ve- 
locities and large air-to-water mass ratios is attributable to 
two effects: (1) resonance between the liquid capillary waves 
generated by the ultrasound and those generated by the 
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Figure 11. UMTF atomization of water jet at water veloc- 

ity of 42k2 cm/s (17.3 cm3/min water flow 
rate): (a) air velocity of 100 k 20 m/s 
(air-to-water mass ratio of 1.18), and ultra- 
sound input power levels of 1.8 W; (b) air ve- 
locity of 100 m/s (air-to-water mass ratio of 
0.67), but various ultrasound input power 
levels. 

high-velocity air, and (2) a much faster amplitude growth of 
the resonant capillary waves with Ac = 39 pm, which break 
up to form 40-pm-diameter drops, compared to those of 
longer wavelengths. With resonance, the peak volume per- 
cent of the unimodal drop-size distribution occurs at a diam- 
eter determined by the third-harmonic frequency of the 
ultrasound (A, = 39 p m  based on Eq. 1). To verify the reso- 
nance theory, the annulus of the air stream around the noz- 
zle was tuned up and down from the optimum position for air 
impinging at the liquid jet. As shown in Figure 12, the drop- 
size distribution becomes broader at first, and additional 
peaks appear at 95 p m  and 300 or 250 p m  drop diameters, 
as the annulus is 380 p m  away from the optimum position. 
The new peaks at 300 p m  or at 250 p m  can be attributed to 
atomization by air alone. Thus, without resonance, drop-size 
distributions are clearly composites of those in ultrasonic at- 
omization and two-fluid atomization. Excellent reproducibil- 
ity as shown in Figures 8-12 by the open and solid data points 
of the same symbols should be noted. 

17.3 cc/mln H20 Nozzle position 
2.5 watts 3 8 0 ~  above optlmum 

o l + e @ @ W e .  : : : : : : : :  
5 10 100 600 

Drop Diameter, pm 

(a) 

20-1 : : :  : :  i- 

t Usound below opt. pooitn 250f20 m / ~  Air 0. 2.5 uiptts 380 ep 
17.3 cc/min H20 A 1.8 285 

Figure 12. 

Drop Diameter, p m  

(b) 
UMTF atomization of water jet at water veloc- 
ity of 42k2 cm/s (17.3 cm3/min water flow 
rate), air velocity of 220 k 20 m/s (air-to-water 
mass ratio of 2.071, and ultrasound input 
power of 2.5 W: (a) nozzle position 380 pm 
above optimum value, and (b) 95-380 pm 
below optimum value. 

Comparison of experimental results to theoretical predic- 
tions of the resonant liquid capillary waves mechanism 

Based on the aforementioned resonant liquid capillary 
waves mechanism, the calculated c's of the capillary waves 
with wavelengths of 28, 39, 85, 150 and 300 pm, and their 
relative values ([-lo, choosing 85 p m  capillary waves as the 
reference) for p = 0.3 and 0.5 are listed in Table 2. From the 
L's, temporal functions of the relative growth of amplitude 
scaled to its initial value, that is, A/A,  = ec*, are calculated 
using the 85 p m  capillary waves as the reference. The results 
for p = 0.3 and atomization times of 50 ps and 100 ps  are 
shown in Figure 13 as a function of air velocity for illustra- 
tion. Positive L-& in Table 2 shows relative amplitude growth 
greater than one in Figure 13, indicating less stability than 
the reference waves; the greater the 5-6, is, the faster the 
relative amplitude growth increases with time. In contrast, 
negative 5-5, shows relative amplitude growth smaller than 
one, indicating better stability than the reference waves. 

No significant amounts of drops larger than 300 p m  diam- 
eter are produced in two-fluid atomization of water at 17.3 
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Table 2. {'s of Capillary Waves Generated by Air* 

V,, m/s Ac, P l, s-', f3 = 0.3 6-i,,, s- ' i ,  s-', B = 0.5 tl", S - '  
~ ~" - -" 

250 28 5.33 x 105 1.75 x 105 9.55 x 105 3.52 x 105 
250 39 4.87 x 105 1.29 x 105 8.47 x 105 2.44 x 105 
250 85 3.58 x 105 
250 150 2.75 x 105 
250 300 1.97 x 105 

200 28 3.01 x 105 
200 39 2.91 x 105 
200 85 2.24 x 105 
200 150 1.74 x 105 
200 300 1.25 x 105 

150 28 1.22 x 105 
150 39 1.39 x 105 
150 85 1.20 x 105 
1.50 150 9 . 5 9 ~ 1 0 ~  
150 300 6.99 x 104 

0 6.03 x 105 
- 0.83 x 105 4.61 x 105 
- 1.61 x 105 3.29 x 105 

0.77 x 105 5.69 x 105 

0 3.80 x 105 
- 0.50 x 105 2.93 x 105 
- 0.99 x 105 2 . 1 0 ~ 1 0 ~  

2.0 x 103 2.71 x 105 
1.9 x 104 2.66 x 105 
0 2.07 x 105 

-5.01 x 104 1.17 x 104 

0.67 x 105 5.19X lo5  

-2.41 x 104 1.62 X l o 5  

0 
- 1.42 X 10' 
- 2.74 x 105 

1.89 x 105 
2.39 x 105 

-0.87 x 105 
0 

- 1.70 X l o 5  
0.64 x 105 
0.59 x 105 

-0.45 x 105 
- 0.90 x 105 

0 

100 28 - 4.28 x 104 - 8.92 x 104 6.00 x 104 - 2.46 x 104 
100 39 3.08 x 104 - 1.56 x 104 8.60 x 104 
100 85 4 . 6 4 ~ 1 0 ~  0 8.46 x 104 0 
100 150 4.02 x 104 - 0.62 x 104 6.93 x 104 - 1.53 x 104 
100 300 3.03 x l o 4  - 1.61 x lo4  5.11 x 104 - 3.35 x 104 

0 . 1 4 ~  l o 4  

cmymin and 220k30 m/s air velocity and 2.1 air-to-water- 
water mass ratio (see Figure 10a). This is also true for two- 
fluid atomization at 160 m/s air velocity and 3.24 air-to-water 
mass ratio (see Figure 8a). Therefore, no such large drops 
are expected in UMTF atomization, and capillary waves with 
wavelengths longer than 300 p m  can be ignored at these con- 
ditions. Figure 13 shows that the ratio of the amplitude growth 
A/A, in 50 ps for the 39 p m  waves to that for the 85 p m  
waves is 90:l at 220 m/s air velocity; the corresponding 5-5, 
equals 9 X  lo4. In addition, the ratio of the initial amplitude 
A, of the 39 capillary waves to that of the 85 p m  waves may 
be taken as 0.3 because the ratio of peak volume percent at 
40 pm diameter to that at 85 p m  diameter obtained in ultra- 
sonic atomization (see Figure 6) is about 0.3:l. Therefore, 
only 40 p m  drops are expected in UMTF atomization of wa- 
ter at 220 m/s air velocity. The experimental results shown in 
Figure lob for UMTF atomization of 17.3 cmymin water at 
220k30 m/s air velocity and air-to-water mass ratio of 2.1 
attest this expectation. 

Assuming 5-5, = 9 X lo4 (which yields a relative amplitude 
growth of 90:l in 50 ps)  in Eq. 1, the p's required at differ- 
ent air velocities for the 39 p m  capillary waves to dominate 
over the 85 p m  capillary waves are listed in Table 3. For 
comparison, P's for 5-5, = 7 X lo4, which give rise to a rela- 
tive amplitude growth of 33:l in 50 ps, are also listed. This 
table shows that the p ' s  required for the 39 p m  capillary 
waves to achieve the specified 5-5, and thus the desired rela- 
tive amplitude growth with respect to the 85 p m  capillary 
waves are significantly higher (0.5-0.7 vs. 0.3-0.4) at 150-160 
m/s than at 220+30 m/s, indicating the requirement of a 
higher air-to-water mass ratio. Likewise, at 200 m/s air veloc- 
ity, the 4-4, for the 39 p m  capillary waves is doubled when P 
increases from 0.3 to 0.5. Thus, the increase of the relative 
amplitude growth of the 39 pm, with respect to the 85 pm, 
capillary waves with increasing p is consistent with the ex- 
perimental results shown in Figure 9b, that is, increasing 

dominance of the 40 p m  drops over the 85 p m  drops with 
increasing air-to-water mass ratio. 

Table 3 also shows that further reduction in air velocity to 
100 m/s results in /3 greater than one, indicating that no 
drop-size distribution with predominance of the 40 p m  drops 
can be obtained at this air velocity. Furthermore, significant 
amounts of drops larger than 300 pm diameter are produced 
in two-fluid atomization of 17.3 cmymin water at 100+20 
m/s air velocity (Figure 10a); the air-to-water mass ratio is 
1.18. Therefore, capillary waves with wavelengths longer than 
300 p m  should also be taken into consideration in UMTF 
atomization at air velocities ranging from 80 to 100 m/s. Fig- 
ure 13 shows that the ratio of the amplitude growth A/A,  at 
100 m/s air velocity in 50 ps atomization time for the capl- 
lary waves of 39 pm, 85 pm, and 300 p m  wavelengths are 
0.5:1:0.5, the ratio becomes 0.2:1:0.2 as the atomization time 
increases to 100 ps; all are on the same order of magnitude. 
This is also true at p's of 0.2, 0.25, and 0.5, as shown in 
Table 4. This theoretical prediction is consistent with the 
drop-size distributions for UMTF atomization of 17.3 
cm3/min water at 100 i- 20 m/s air velocity with air-to-water 
mass ratio of 1.18 shown in Figure l l a  and at 100 m/s air 
velocity with air-to-water mass ratio of 0.67 shown in Figure 
l lb.  

Comparison of experimental results to dispersion relations 
Spatial instability analysis of an incompressible semi- 

infinite jet of liquid with density p, viscosity p, and surface 
tension u, subjected to a small amplitude disturbance of 
,--i(kz+ or) with a fixed angular frequency w (Im[ w] = O), was 
carried out (Leib and Goldstein, 1986) with no consideration 
of the effect of air based on the linearized vorticity equation 
(or Rayleigh equation). The undisturbed liquid jet has a ra- 
dius of a and an average axial velocity of U. This analysis 
results in a dispersion equation for the complex wave number 
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(b) 
Figure 13. Temporal relative amplitude growths of cap- 

illary waves as function of air velocity at at- 
omization times of 50 ps (a) and 100 ps (b) 
for surface tension of 72 dyne/cm, viscosity 
of 1 cp with Jeffreys sheltering parameter p 
of 0.3. 

k = k ,  + ik, as a function of a purely imaginary frequency i o; 
k ,  equals 2rr/A and k ,  gives growth rate, A being the wave- 
length of the capillary waves. The dispersion equation shows 
a region of absolute instability with the Weber number (We 
= p a U 2 / u )  below a critical value (0.45) and a convective in- 
stability region with the Strouhal number ( S t  = oa/U) below 
the cutoff value of unity. Maximum growth rate occurs at a 
nondimensional wave number (k ,a  = 2rra/A) smaller than one 
and gives rise to drop diameters larger than 2a, undisturbed 
diameter of the water jet. As shown in Table 5, a water jet 
with an undisturbed radius of 0.465 mm issuing from a vibrat- 
ing nozzle at average velocities of 12 cm/s and 42 cm/s falls 
in the absolute instability and convective instability regimes, 
respectively. The unity Strouhal number requires that the ex- 
ternally imposed frequency is smaller than 40 Hz at 12 cm/s 
average water velocity and 145 Hz at 42 cm/s average water 
velocity. As shown in Table 5, the Strouhal numbers for the 
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Table 3. Jeffreys’ Sheltering Parameter p’s Required for Wa- 
ter Capillary Waves with Wavelength A = 39 p m  to Achieve 

VA,  m/s P P 

the Specified - fb with Respect to 85 p m  Waves* 

~ - ~ , = 7 ~ 1 0 4  s - l  5-6, = 9 X lo4 S - ’  
Rel. A(t = 50 ps)/A, = 33** Rel. A(t = 50 ps)/A, = 90** 

250 0.20 0.23 
220 0.25 0.3 
200 0.31 0.36 
160 0.49 0.58 
150 0.56 0.66 
100 1.31 1.55 
80 2.11 2.49 

ultrasonic frequencies used in this study are much higher. In 
addition, the measured drop diameters are much smaller than 
2a (40 p m  and 85 p m  vs. 0.93 mm). Therefore, we believe 
that both the ultrasonic atomization and the UMTF atomiza- 
tion cannot be attributed to break up of the Rayleigh-mode 
capillary waves with no due consideration of the effect of air 
velocity in the UMTF atomization. 

The effect of air on the Rayleigh-mode convective instabil- 
ity was carried out for both spatially growing disturbances 
(Lin and Lian, 1993) and temporally growing disturbances of 
e ( ikr+  Of)  (Lin and Ibrahim, 1990). The resulting dispersion 
equations of growth rate as a function of nondimensional 
wave number k,a show that maximum growth rate occurs at 
k,a ranging from 0.6 to 0.8, which also leads to drop diame- 
ters larger than 2a. Further, the growth rate is reduced as 
the Weber number increases (stabilizing effect). These theo- 
retical predictions based on the Rayleigh-mode instability are 
contradictory to our experimental observations of drop diam- 
eters (much smaller than 2a) and the destabilizing effects of 
the Weber number. Therefore, contribution of the Rayleigh- 
mode instability to the UMTF atomization is ruled out. 

In contrast, temporal instability analysis of a viscous liquid 
jet surrounded by a viscous gas in a vertical pipe (Lin and 
Ibrahim, 1990) shows that Taylor-mode breakup takes place 
when the Weber number is much larger than the density ra- 
tio of the liquid to the gas, and the resulting drop diameters 
are smaller than 2a. Furthermore, the dispersion relations 
show that maximum growth rate increases as the Weber 
number increases. Specifically, the dispersion relations for a 
water jet surrounded by air shows that k,a, where maximum 
growth rate occurs, is a function of the Weber number (We), 
the Reynolds number (Re), and the Froude number ( F r =  
U2/ga). k,a increases from 15 to 40 as We increases from lo5 
to lo6 at Re=400 and Fr =2,000 (Figure 9 of Lin and 

Table 4. Relative Amplitude Growth at 100 m/s Air Velocity 

A(t = 50 &/A, A(t = 100 ps)/Ao 

A, p m  p =0.20 P =0.25 p =0.5 /3 =0.20 p = 0.25 p = 0.5 
39 0.30 0.39 1.2 0.09 0.14 1.2 
85 1 1 1 1 1 1 

150 0.90 0.82 0.48 0.80 0.75 0.21 
300 0.62 0.56 0.20 0.50 0.30 0.04 
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Table 5. Nondimensional Groups at Relevant Atomization Conditions of This Study 
Ultrasonic Atomization of a Water Jet 0.93 mm in Diameter at Water Velocities of 12 and 42 cm/s 
and Ultrasonic Frequencies of 54 and 174 kHz 

U, cm/s We Re Fr Sf @ 54 kHz St @ 174 kHz 
12 0.1 56 3.2 1.3 x 103 4.2 x 103 
42 1.2 195 38.7 3.8 X 10’ 1 . 2 ~ 1 0 3  

Two-fluid Atomization of a Water Jet 0.93 mm in Diameter at Water Velocities of 12 and 42 cm/s 
and Air Velocities of 100, 160, and 220 m/s 

VA, m/s U, cm/s k A / h L  V, m/s We Re Fr 
160 12 3.24 122 9.9 x 104 6 . 7 ~  104 3.3 x 106 

6.4 x 105 100 42 1.18 54 1 . 9 ~  104 2.5 x 104 
220 42 2.07 148 1.5 x 105 0x104 4.8 X lo6 

Ibrahim, 1990); it increases from 10 to 15 as Re increases 
from 300 to 400 at We = lo5 and Fr = 2,000 (Figure 12 of Lin 
and Ibrahim, 19901, but decreases from 15 to 10 as Fr in- 
creases from 2,000 to 4,000 at Re = 400 and We = lo5 (Figure 
13 of Lin and Ibrahim, 1990). Similar effects of We, Re, and 
Fr on the maximum growth rate are predicted by this theo- 
retical analysis. It should be noted that the Weber number 
defined in Lin and Ibrahim (1990) is the inverse of the We- 
ber number used in this article. 

Since one of the interfacial kinematics conditions is the 
continuity of the radial and tangential components of the ve- 
locity across the interface (Lin and Ibrahim, 1990), the veloc- 
ity at the interface lies between the average liquid velocity U 
and the air velocity VA. An average velocity V based on con- 
servation of momentum, namely, V = (kAVA + mLVL)/(mA + 
kL), is used in calculations of We, Re, and Fr for a water jet 
0.093 cm in diameter. The results for two-fluid atomization at 
conditions shown in Figure 8a and Figure 10a are shown in 
Table 5. Based on the aforementioned dispersion relations by 
Lin and Ibrahim, k,a for the Taylor mode breakup at We = 
lo5, Re = 6~ lo4, and Fr = 5 x lo6 is estimated to lie be- 
tween 34 and 73; the pertaining capillary wavelength for a jet 
diameter of 0.093 cm lies between 85 pm and 40 pm. The 
unified theory by Lin ,and Lian (Figure 9 of Lin and Lian, 
1990) also predicts k,a between 40 and 45; the relevant 
wavelength lies between 73 and 65 pm. These wavelengths 
are consistent with our experimental observation of peak drop 
diameters of 85 p m  and 40 p m  that are attributed to break 
up of capillary waves with respective wavelengths of 85 and 
39 pm. The corresponding frequencies are 54 kHz and 174 
kHz based on the Kelvin equation and the nozzle frequency 
spectrum (see Figure 4). The frequencies corresponding to 
the k,a from the dispersion relations are not given (Lin and 
Ibrahim, 1990; Lin and Lian, 1990, 1993). 

Conclusions 
Ultrasound has a very significant effect on the drop-size 

and size distribution of two-fluid or airblast atomization of a 
water jet. This effect can be attributed to resonance between 
the liquid capillary waves generated by ultrasound and those 
generated by high-velocity air. Specifically, capillary waves are 
first generated on the cone of liquid film at the nozzle tip 
when a water jet issues from the nozzle tip, vibrating at an 
ultrasonic frequency. They are magnified in amplitude down- 
stream by air blowing around them, resulting in jet atomiza- 
tion with drop diameters proportional to their wavelength 
which is, in turn, determined by the ultrasonic frequency in 

accordance with the Kelvin equation. Theoretical calcula- 
tions based on the two-parameter (Jeffreys sheltering param- 
eter /3 and atomization time t )  amplitude growth theory for 
such resonant liquid capillary waves give remarkable agree- 
ment with the experimental results of drop-size and size dis- 
tribution. Uniform drops of diameter determined by the 
third-harmonic frequency of the ultrasound are obtained at 
high air velocity and large air-to-water mass ratio (150-160 
m/s at 3.24 air-to-water mass ratio or 200 m/s at 2.1 air-to- 
water mass ratio). In contrast, drop-size distributions with 
multiple peaks are obtained at low air velocity and small air- 
to-water mass ratio (100 m/s and 1.2 air-to-water mass ratio). 
Further, the effect of air-to-water mass ratio can be ac- 
counted for by the effect of /3 on the relative amplitude 
growth of the capillary waves. These new findings provide not 
only a new means of controlling drop-size and size distribu- 
tion in two-fluid atomization but also direct evidence of the 
capillary wave mechanism, possibly Taylor-mode breakup, 
Detailed analysis of the dispersion relations at relevant atom- 
ization conditions is needed to fill the gap between the exper- 
imental results of UMTF atomization and the theoretical 
instability analysis of jet breakup with externally imposed 
frequency in the presence of high-velocity air. 
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Notation 
a = radius of undisturbed liquid ’et 

f = frequency of ultrasound, in Hz 
g = gravitational acceleration 

kA = air-mass flow rate 
kL = liquid or water flow rate 

u = wave velocity = (2m7/hC p )  1 A  

Subscripts 
A = air 
L = liquid or water 
C = capillary waves 

r ,  i, o = real, imaginary, initial values 
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