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Experimental Investigation of the Evaporation
of Droplets in Axial Acoustic Fields

R. I. Sujith¤

Indian Institute of Technology, Madras 600 036, India
G. A. Waldherr†

General Electric Corporate R&D Center, Schenectady, New York 12301
and

J. I. Jagoda‡ and B. T. Zinn§

Georgia Institute of Technology, Atlanta, Georgia 30332

The effect of axialacoustic � elds on the evaporationof individualdroplets is investigatedboth experimentallyand
theoretically. A setup was developed in which images of droplets moving through an acoustic � eld were acquired
using a state-of-the-art, high-speed, intensi� ed video system. The evaporation rates of droplets were determined
from the droplet diameters measured from these images. Experimental investigations using methanol droplets
showed that the presence of an acoustic � eld signi� cantly enhances the evaporation of droplets. The evaporation
rate is a strong function of the acoustic amplitude, but increases only slightly with frequency. The effect of acoustic
oscillations on water and methanol droplet evaporation was theoretically modeled by numerically integrating the
differential equations for droplet mass, momentum,and heat transfer. The model uses quasisteady correlations for
momentum heat and mass transfer. The model predicted the measured trends correctly. However, the quantitative
agreement of these predictions with the experimental data depends strongly on the correlations for Nussult and
Sherwood numbers used to model the energy and mass transfer, respectively.

Nomenclature
A = displacement amplitude in Eq. (16), m
B = Spalding number, nondimensional
CD = drag coef� cient, nondimensional
CP = speci� c heat at constant pressure, m2/s2/K
Dav = diffusion coef� cient, m2/s
d = droplet diameter, m
k = evaporation constant in Eq. (12), m2/s
L V = latent heat of vaporization, J/Kg
l = constant in Eq. (14)
MA = acceleration modulus, nondimensional
Nu = Nussult number, nondimensional
Pr = Prandtl number, nondimensional
p = pressure, Pa
q = heat transfer per unit area
Re = Reynolds number, nondimensional
r = droplet radius, m
Sc = Schmidt number, nondimensional
Sh = Sherwood number, nondimensional
Sr = Strouhal number, nondimensional
T = temperature, K
t = time, s
U = velocity, m/s
Y = mass fraction, nondimensional
c = ratio of the droplet density to the air density,

nondimensional
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D A, D B = empirical constants in Eqs. (7a) and (7b),
nondimensional

d = error
k = coef� cient of thermal conductivity, J/m/s/K
m = coef� cient of kinematic viscosity, m2/s
q = density, kg/m3

x = angular frequency, rad/s

Subscripts

a = air
f = � nal state
l = liquid
p = particle or droplet
R = relative
s = surface
0 = initial state
1 = freestream

Introduction

T HE evaporationof droplets in the presence of acoustic oscilla-
tions is an important problem that exists in many engineering

applications ranging from liquid-fueled propulsion systems to in-
dustrial materials processing. The objective of this investigation is
to quantitativelydetermine the effect of axial acoustic � elds on the
evaporation of individual droplets.

There is ample evidence in the literature associating acoustic
� elds with increased convectiveheat and mass transfer. Results ob-
tained to date have demonstrated that the presence of an acoustic
� eld increases heat and mass transfer to/from stationary objects1,2

where there is relative motion between the gas phase oscillations
and the objects. These � ndings suggest that acoustic oscillations
could increase the rates of transport processes between gases and
small particles as long as these particles are not fully entrained by
the acoustic � eld, i.e., when relative motion exists between the two
phases. Indeed, additionalstudies2 ¡ 5 have shown that pulsations in-
crease the rates of heat and mass transfer to or from solid spheres
or droplets.

The effect of acoustic oscillations on the heat and mass transfer
between the gas phase and the fuel spray droplets is of considerable

278



SUJITH ET AL. 279

interest in the � eld of liquid rocket and ramjet instabilities.In liquid
propellant motors, instabilities may temporarily increase the rate
of evaporation of the fuel spray, which leads to higher combustion
intensities.Any resultinggrowth in theamplitudesof theoscillations
may be detrimental to the performance of the engine and can lead
to mission failure. Understanding the effect of acoustic oscillations
on spray evaporation is, therefore, essential to develop effective
techniques for controlling this type of combustion instabilities in
liquid propellantmotors. However, to fully understand the effect of
pulsations on sprays, it is important to understand their effect on
individual droplets.

The possibility that sound or vibrations may increase convective
heat and mass transfer in sprays has recently received increased at-
tention, partly due to the prospectof using pulsations to increase the
ef� ciency of a numberof energy intensiveindustrialprocesses,such
as spraydryingand calcining.In such processes,the rate controlling
mechanisms are the heat and mass transfer between the gas phase
and the droplets/particles, which may be enhanced by the presence
of pulsations.

The effect of axial acoustic oscillations on droplet motion has
been studied and presented elsewhere.6,7 This paper describes the
resultsof an experimentalinvestigationof theeffectof axialacoustic
oscillationson theevaporationof individualdroplets.An experimen-
tal setup was developed in which the rate of evaporationof droplets
with and without an acoustic � eld could be measured. Experiments
were performedwith methanol droplets.Droplets were injectedinto
a transparent test section in which acoustic oscillationscould be ex-
cited. The droplets were imaged at two locations in the test section,
and the changes in droplet diameters were used to determine the
evaporation rates. The experimental results were compared with
the predictions from a model that was developedusing quasisteady
correlations for mass, momentum, and heat transfer.

Experimental Facilities
The facility developed for this study is shown in Fig. 1. It con-

sists of a U-shaped 52-mm-i.d. duct that is closed at one end and
open at the other. The entire duct, with the exception of its verti-

Fig. 1 Schematic of the experimental setup.

cal test section, is made of carbon steel. The test section is 60 cm
long and made of Pyrex¨ to permit optical access from any direc-
tion. Droplets can be injected on demand by a piezoelectric droplet
generator, installed at the top of the test section.6 A pair of acous-
tic drivers � tted to the closed end of the setup are used to excite a
standing wave of chosen frequency and amplitude within the tube.
Both horizontal steel tubes on either side of the test section are of a
trombonelike design that permits their lengths to be changed. The
total length of the duct is adjusted until the frequencyof the drivers
equals that of one of the natural acoustic modes of the pipe. This
is necessary to ensure the excitation of resonant, large-amplitude
oscillations within the setup. A movable pressure probe was used
to measure the axial acoustic pressure distribution along the test
section.

The droplet generator produces droplets of constant size while
operatingin the single-dropletmode. The dropletdiameter is a func-
tion of the amplitudeof the voltagepulse applied to the piezoelectric
ceramic transducer, the nozzle diameter, and the volume of any air
entrapped in the droplet generator. Small, nonrepeatable amounts
of air are always entrapped in the generator when � lling it with
methanol. Thus, while the diameter of the droplets remained con-
stant throughout a run with a single � lling, they could vary slightly
when the generator was re� lled and operated again.

Droplets were imaged using an intensi�ed, digital, high-speed,
charge-coupleddevicecamera.The camerahasa resolutionof 239 £
192 pixels, and a framing rate of 1000Hz while acquiringfull frame
images. A zoom microscope is attached to the camera to obtain
suf� cient spatial resolution to accurately measure the size of the
droplets. The magni� cation of the camera with the attached zoom
lens was calibrated using a reticle. An error of half a pixel can be
expectedin the dropletdiametermeasurements.Therefore, the error
bars were calculated using the following expression:

D = ( p /2)d2
0 d d0 + ( p /2)d2

f d d f = ( p / 4)
¡
d2

0 + d2
f

¢
(1)

where D is the error in micrometers per pixel in droplet volume, d0

is the initial droplet size, d f is the � nal droplet size, and d d is the
error involved in measuring the droplet diameter.
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It could be argued that the error involved in the diameter mea-
surement is as large as 1 pixel. However, the droplet diameter is
determined by � tting a circle around the droplet and not just by
determining the coordinates of the extremities of the droplet diam-
eter. The measured diameters are also averaged over many images.
Therefore, it is reasonable to assume that the error in diameter mea-
surement is no more than half a pixel.

An expanded, attenuatedbeam of light from a pulsed copper va-
por laser was used as the source of illumination. The laser has an
average power of 20 W and can pulse continuously at frequencies
ranging from 2 to 10 kHz. The beam is attenuatedto approximately
0.5 W using neutral-density � lters and is expanded to an area of
roughly 2 cm2 using a system of lenses. The pulses from the laser
have a duration of approximately 30 ns, short enough to freeze the
dropletmotion. The laser frequencywas adjusted to be a multipleof
the camera frequencyusing the camera trigger and a frequencymul-
tiplier circuit. The camera shutter speed was adjusted to be 10 l s,
which is smaller than the period of the laser pulses. This ensured
that only one laser pulse illuminates each frame, which result in
only one droplet image per frame. Back lighting was used for il-
lumination while acquiring the images. In this technique, a diffuse
surfacebehindthe test section is illuminatedby the laser.The droplet
then appears dark against a bright background, which enhances its
visibility.

Experimental Technique
The evaporationof methanol dropletswith and without an acous-

tic � eldwas investigatedby imagingthedropletsat two locationsand
comparing their measured diameters.The distance between the two
imaging locationswas chosen to be an integralmultipleof theacous-
tic half-wavelength to ensure that, for all frequencies, the droplets
encountered the same integrated acoustic velocity. All experiments
were performed at room temperature.

Droplet sizes ranging from 50 to 150 l m were used in this study.
A typical sequence of droplet images is shown in Fig. 2. No droplet
deformation is visible. The interdroplet spacing is of the order of
5 cm, which is about 500 times larger than the droplet diameter.
Therefore, droplet to droplet � ow� eld interactions are negligible
and do not introduce bias into the measurements. For droplets with
diameters larger than 10–20 l m, the mean terminal velocities were
too large and the evaporation rates too small to detect signi� cant
changes in diameter while the droplets remained within the � xed
� eld of view of the camera. Therefore, the diameter of droplets
were measured near the droplet generator and also at a location
downstream while the droplet generator was operated in a mode
that ejected single droplets of constant diameters.

Droplet images were acquired at the downstream location � rst.
The images were downloaded to a personal computer. The camera
was then moved up to the droplet generator, and images were ac-
quired there. The evaporation rate of the droplets were calculated
from the mean diameters obtained from the images at these two
locations and the distance between them.

Droplet Evaporation Model
A model, very similar to one by Gemmen et al.,8 has been de-

veloped to investigate the effect of acoustics on the evaporation of
droplets. However, the acoustic velocity amplitudes for which the
computations were performed by Gemmen et al. were 50, 75, and
100 m/s, whereas those encountered in this study were less than
10 m/s. Therefore, calculations corresponding to the conditions in
this experiment had to be performed.

The model does not solve the � ow� eld around the droplet.There-
fore, the transportof mass, momentum, and energy between the liq-
uid phase and the gas phase are not solved for directly. Instead, the
interactionsbetween the two phasesaremodeledbyusingempirical,
quasisteadycorrelations for modeling the drag coef� cient, i.e., mo-
mentum transfer,Sherwood number, i.e., mass transfer, and Nussult
number, i.e., heat transfer. The validity of the quasisteady model
is discussed in the results section. Empirical correlationswere also
used to model the properties of air and liquid.8,9

Fig. 2 Typical droplet image sequence.

The development of the model closely follows the experiments
described in the earlier section. A droplet was injected into the test
section, and calculationsof droplet velocity, position, and size were
performed for different conditions of temperature, acoustic ampli-
tude, and frequency. The droplets were assumed to be spherical in
shape, an assumption that was validated by experimental observa-
tions. Internal circulation in the droplet was neglected. The entire
droplet was assumed to have uniform properties.

The continuity, momentum, and energy equations were solved
simultaneously to determine the evaporation rate of the droplets.
This resulted in three ordinary differential equations for the droplet
radius, the relative velocity between the droplet and the gas phase,
and the droplet temperature, with the initial radius, injection ve-
locity, and the initial droplet temperature as the initial conditions,
respectively.The computational procedure is explained next.

The rate of change of the droplet radius can be expressed as10

dr

dt
= ¡

q a

q l

Dav

2r
Sh (1 + B) (2)

where q a is the density of air and q l is the density of the liquid. For
convective � ows, the Sherwood number is a function of Reynolds
number Re (=UR d / v) and Schmidt number Sc (=m a / Dav). Several
empirical correlations that express Sherwood number as a func-
tion of Reynolds number and Schmidt number may be found in
the literature.8,10 ¡ 12 The correlation that is commonly used8,10,11 is
given by the following expression:

Sh = 2 + 0.6Re
1
2 Sc

1
3 (3a)

An alternate correlation for Sherwood number given by Burdukov
and Nakaryakov12 is

Sh = 0.37Re0.6Sc
1
3 (3b)
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Both thecorrelationswereused in themodel in an effort to determine
which of the correlations lead to a better predictionof the observed
droplet evaporation rates.

B is the Spalding number, which can be expressed as

B =
Ys ¡ Y 1

1 ¡ Ys

(4)

where Y is the mass fractionof the vapor which can be expressed in
terms of the partial pressure as

Y =
Mv pv

Mv pv + Ma ( p ¡ pv )
(5)

where Mv and Ma are the molecular weights of vapor and air, re-
spectively, and pv is the partial pressure of the vapor. The droplet
surface is assumed to be saturated.13 The saturationpartial pressure
Ys of the vaporat the liquid–air interfacecan be calculatedusingem-
pirical correlations.The freestream partial pressure Y 1 is obtained
by multiplying the vapor pressure corresponding to the freestream
temperature by the relative humidity. The relative humidity was as-
sumed to be zero in these calculations.

The momentum equation of the droplet is given by the following
equation14,15:³

c +
D A

2

´
dUR

dt
= ( c ¡ 1)g ¡

3CDUR j UR j
4d

¡
9 D H

d

r
m

p

Z t

0

ÇUR (s) ds
p

t ¡ s
¡ ( c ¡ 1)

@U f

@t
(6)

where UR is the relative velocity, s is the dummy variable used for
integration over time, g is the acceleration due to gravity, and U f

is the gas velocity. This equation was derived using the creeping
� ow assumption (Re < 0.01) and then extended to high Reynolds
number � ows using the empirical constants D A and D H (Ref. 16),
which are given by

D A = 2.1 ¡ 0.132
M2

A

1 + 0.12M 2
A

(7a)

D H = 0.48 + 0.52
M 3

A

(1 + MA)3
(7b)

The accelerationmodulus MA is given by the following expression:

MA =
d

U 2
R

dUR

dt
(7c)

A detailed discussion of this equation and its solution using em-
pirical models for CD is available elsewhere,14,15 and only a brief
outline is given here. The term on the left-hand side of Eq. (6) de-
scribes the inertia of the droplet. The � rst term on the right-hand
side corresponds to the gravitational force. The second term is the
drag for steady motion corresponding to the instantaneous veloc-
ity. The third term allows for the instantaneousdrag depending not
only on the instantaneous velocities and accelerations but also on
the conditions that prevailed during the development of the � ow.
This is the Basset history integral,17,18 in which past acceleration is
included, weighted as (t ¡ s)1/2 , where (t ¡ s) is the time elapsed
since the past acceleration.The last term is the forcing function due
to the acoustic oscillations.

The heat transported to the droplet increases its temperature and
suppliesthe heatof vaporization.The energyequationfor the droplet
can be written as10

m lC pl
dTl

dt
¡ 4 p r 2 q l Lv

dr

dt
= 4p r 2q (8)

where q, the heat transfer per unit area to the droplet, is given by

q =
k a (T ¡ Tl )

2r
Nu

(1 + B)
B

(9)

For convective � ows the Nussult number Nu is a function of
Reynolds number Re and Prandtl number Pr(= m a q aCp / k a ). Sev-
eral empirical correlations that express Nussult number as a func-
tion of Reynolds number and Prandtl number can be found in the
literature.8,10 ¡ 12 One such correlationthat is commonly used is8,10,11

given by the following expression:

Nu = 2 + 0.6Re
1
2 Pr

2
3 (10a)

An alternatecorrelation for Nussult number given by Burdukovand
Nakaryakov12 is

Nu = 0.37Re0.6Pr
1
3 (10b)

Both the correlations were used in the model in an effort to deter-
mine which of the correlationsbetter predicted the observed droplet
evaporation rates.

The � rst term in Eq. (8) describes the energy utilized for heating
the droplet.The second term describesthe energy used to supply the
latentheatof vaporization.The termon the right-handsidedescribes
the heat conducted into the droplet.

The droplet velocity can be written in terms of the droplet dis-
placement as

u P = u f + u R =
dxP

dt
(11)

Equations(2), (6), (8), and (11) were integratedusinga fourth-order,
adaptive Runge–Kutta scheme,19 with the initial radius, injection
velocity, droplet temperature, and the displacement as the initial
conditions.The calculationsyieldeddroplet velocity,displacement,
diameter, and temperature as functions of time.

Results and Discussion
Preliminary Model Predictions for Water Droplets

The developedmodel was initiallyused to predict the evaporation
rate of 100–200 l m water droplets at a temperature of 200±C in the
absence and presence an acoustic � eld. The acoustic � eld consists
of a standing wave whose maximum acoustic velocity is 5 m/s. All
acoustic velocities mentioned are rms values. The variation of the
square of the droplet diameter with time as it evaporates is shown
in Fig. 3. The droplet evaporation with and without pulsations ap-
proximately follows the D2 law, i.e.,

D2 = D2
0 ¡ kt (12)

Fig. 3 Theoretically predicted variation of the square of the diameter
of a water droplet, initial diameter 100 µm, with time.
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In other words, the square of the droplet diameter is linearly de-
pendent on time, both in the absence and presence of an acoustic
� eld.

Figure 3 also shows that the presence of the acoustic oscillations
decreases the lifetime of the droplet.The predicted evaporationrate
is independent of the acoustic frequency because the quasisteady
correlations for the drag, Sherwood number, and Nussult number
do not inherently contain any frequency dependence.

The rate of change in droplet diameter due to evaporation at a
given rate depends on the droplet diameter itself, as can easily be
seen by differentiatingEq. (12),

dD

dt
= ¡

k

2D
(13)

Therefore, to compare data obtained with different initial droplet
sizes, a quantity that does not depend on the initial diameter had to
be chosen to quantify evaporation rates, as discussed next.

The droplet terminal velocity is approximately a linear function
of the diameter,6,7,15 i.e.,

Uterminal = lD (14)

Experiments have shown that the droplets attain their terminal ve-
locity within 5–10 cm from the droplet generator, compared to the
42 cm over which the evaporation rate was measured. Thus, it can
be assumed that the droplets fall with terminal velocity throughout
the test section.A detailed discussionof the error introducedby this
assumption is given in the Appendix.

The droplet displacement x can now be written as

x =

Z t f

t0

m dt =

Z D f

D0

³
Uterminal

,
dD

dt

´
dD

=

Z D f

D0

l D

¡ k / 2D
dD =

2l

3k

¡
D3

0 ¡ D3
f

¢
(15)

It can be seen from Eq. (15) that (D3
0 ¡ D3

f ) is independent of
D0 . Therefore, the volume change of a droplet is independentof the
size of the droplet and was chosen to quantify the evaporationrates.

Experimental Data and Comparison with Model Predictions
for Methanol Droplets

The following results were obtained using methanol droplets in
an unheated test section. The dependence of the volume change of
the droplet as it passes through the test section on the magnitude
of the acoustic velocity in the standing wave is plotted in Fig. 4 for
acoustic frequenciesof 410, 820, and 1240 Hz. Figure 4 shows that
the measured volume change of the droplets as they traverse the test
section increaseswith acousticamplitude.Whereasan acoustic� eld
with acousticvelocity amplitudeof 5 m/s [correspondingto a sound
pressure level (SPL) of 160 dB] increases the evaporation rate of
dropletsby more than 100%, an acoustic� eld with acousticvelocity
amplitude of 1.6 m/s (corresponding to a SPL of 150 dB) did not
enhance the evaporationrate signi� cantly above that in steady � ow.
The dependenceof the dropletvolumechangeon frequencyis small,
less that the error in the measurements. However, the evaporation
rates appear to be generally slightly higher at 1240 Hz than at 410
and 820 Hz.

Alsoplotted in Fig. 4 are the theoreticalpredictionsobtainedfrom
the quasisteady calculations. As mentioned earlier, it was assumed
that the droplet temperature is uniform. This amounted to an as-
sumption of in� nite thermal conductivity of the liquid phase. This
assumption leads to an overpredictionof the evaporation rates.

The results obtained using the correlations for the Sherwood and
Nussult number given by Eqs. (3a) and (10a), and referred to as the-
ory a in Fig. 4, predicted much higher evaporation rates than were
experimentally determined. The results obtained using the correla-
tions provided by Burdukov and Nakoryakov12 [see Eqs. (3b) and

Fig. 4 Change in volumeofa methanoldropletmovinga � xed distance
along a standing wave as a function of acoustic velocity amplitude.

Fig. 5 Dependence of the evaporation constant k on the acoustic ve-
locity amplitude of the standing wave for methanol droplets.

(10b)], and referred to as theory b in Fig. 4, are in better agreement
with the experimentaldata obtainedin this study (symbols in Fig. 4),
although they still slightly overpredicted the evaporation rates. The
theoretical predictions show that, as the acoustic velocity increases
from zero, the evaporation rate decreases at � rst for lower values
of acoustic velocity until it reaches a minimum and then increases.
This trend could not be experimentally veri� ed because the exper-
imental error was larger than the change in the droplet evaporation
rate for small acoustic amplitudes.

The evaporation constant k for methanol droplets was obtained
using the followingdata reductionprocedure.An initial guess of the
evaporation constant k was made. The droplet momentum and en-
ergy equations, i.e., Eqs. (6) and (8), were integratedwith respect to
time, with the injection velocity and the initial droplet temperature
as the initial conditions. The droplet displacement was calculated
by integrating the droplet velocity. The droplet diameter was calcu-
lated from Eq. (12), using the measured initial diameter D0 and the
assumed value of k. The integrationwas continueduntil the droplet
displacement equaled the distance between the camera locations.
The value of k was then adjusted until the computed value of the
� nal droplet diameter agreed with its measured value.

The dependence of the evaporation constant on the acoustic ve-
locity is shown in Fig. 5, for frequenciesof 410, 820, and 1240 Hz.
The evaporationconstant clearly increaseswith increasingacoustic
velocity.
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Fig. 6 Variation of Reynolds number based on the relative velocity
between the droplet and the gas phase with time as encountered by a
droplet moving through one cycle along a standing wave.

The enhancementof evaporationin thepresenceof an axialacous-
tic � eld appears to be due to two reasons: 1) The acoustic � eld in-
creases the convective heat transfer and mass transfer to and from
the droplet, respectively. 2) The presence of an acoustic � eld de-
creases the terminal velocity of the droplet, thereby increasing its
residencetime in the acoustic� eld.6,7,20 ¡ 26 Only the increases in the
rates of convective heat transfer and mass transfer are re� ected in
the increasein k. In otherwords,k doesnot accountfor the increased
evaporation due to the increased residence time in the presence of
an acoustic � eld.

An additional explanation for the enhanced evaporation rate of
the methanol droplets can be obtained by considering the Reynolds
number based on the relative velocity between the droplet and the
gas phase. The variation of this Reynolds number with time over
one cycle for a 100-l m size droplet in an acoustic � eld of 410 Hz
and velocity amplitude 5 m/s is shown in Fig. 6. Also shown is the
Reynolds number for the case of no sound. The presenceof acoustic
oscillationsclearly increase the Reynolds number signi� cantly and,
therefore, increases the transport processes, thereby increasing the
droplet evaporation rates.

The conditionsin this study could be quite differentat high ambi-
ent temperatureand high-pressureconditionsin applicationssuch as
rocket engines.Under such conditions,dropletdeformationand sec-
ondary atomization may overshadow the effect of enhanced vapor-
ization reportedhere. However, the results of this study can directly
be applied to industrial processes,such as spray drying, because the
conditions encountered there are quite similar to those maintained
in this study.

Validity of the Quasisteady Assumption

That the theoretical predictions do not quantitatively match the
experimentalresultsbringsup the questionof the validityof the qua-
sisteadyassumption.The mechanismsof mass transfer from spheres
under oscillatory� ow has been the subject of several investigations.
An excellent review of the subject is presented by Al-Taweel and
Landau.3 The mechanism of mass transfer can be modeled by as-
suming the existance of either a secondary acoustic streaming or
a quasisteady state. The choice of the mechanism is usually made
on the basis of the ratio between the displacement amplitude of the
oscillating � ow and the sphere diameter.

Acousticstreamingmay be describedas thegenerationof nonzero
mean motion by an oscillatory� ow� eld. The phenomenontypically
arises when an acoustic � eld is attenuated or dissipated, due to its
interactionwith the medium or with the boundarylayerwhen a solid
wall is present. There have been several investigations of acoustic
streaming around spheres. A summary of the various investigations
are given by Al Taweel and Landau.3

To aid the following discussion about the choice of streaming
vs quasisteady models, it is useful to introduce a dimensionless
frequency parameter, the Strouhal number, which is given by11,27

Sr = x d / û f = d / A (16)

where û f is the amplitude of the acoustic velocity and A the dis-
placement amplitude of the oscillating � ow. The reciprocal of the
Strouhal number, usually referred to in the literature as the A / d ra-
tio, is the ratio between the oscillatory� ow displacementamplitude
and the diameter of the sphere. This quantity physically represents
the distance through which the � ow is swept across the surface of a
sphere.

At large A /d ratios, heat and mass transfer from the sphere are
dominated by the oscillatory velocity component and can be pre-
dicted by assuming that, at any instant, steady-stateconditions cor-
responding to the instantaneous velocity are achieved, i.e., a qua-
sisteady analysis can be applied. For lower values of the A /d ratio,
the heat and mass transfer processes are dominated by a secondary
streaming � ow around the droplet, induced by the acoustic � eld.

The experimental results summarizedby Al-Taweel and Landau3

indicate that, in the absence of mean � ow, the transition from con-
ditions where the heat and mass transfer are largely controlled by
acoustic streaming to conditions where quasisteady state prevails
occurs at a critical A / d of around 0.75. To provide a physical expla-
nation for this, Al-Taweel and Landau suggest that, because it has
been shown that in an accelerating � ow the sphere must traverse a
certain distancebefore the wake separates, it is possible to suppress
separationby reversing the � ow within a short interval of time. This
would be the case for small A /d ratios in an oscillating � ow. As
A /d is increased, however, separationcan no longer be suppressed,
and a quasisteady state can then be assumed to exist. This theory
is supported by cited experimental results for cylinders in an os-
cillating � ow, which show that wake separation does not occur for
A /d < 0.637. No such values for spheres have been reported, but
they may be assumed to be roughly of the same order as that for the
analogous cylinder.

In most practical applications, however, steady � ow is superim-
posedon oscillations,as is the case of a droplet falling at its terminal
velocity. For this case, no clear answer as to when heat and mass
transfer by acoustic streaming transitions to quasi-steady-stateheat
and mass transfer is available in the literature. Reexamining the
physical explanation of Al-Taweel and Landau,3 it can be specu-
lated that in the presence of a steady � ow, the probability of wake
separation is enhanced for values of A /d much lower than the ear-
lier reported transition value of 0.75 because the � ow traverses a
greater distance across the sphere. This suggests that a quasisteady
state is likely to exist in superimposed steady and oscillating � ows,
at A / d below the critical value for the no mean � ow case.

The droplet diameters used in the study were less than 200 l m,
and the maximum frequencywas 1240 Hz. Under these conditions,
an acoustic velocity higher than 1.46 m/s will satisfy this condition
that A / d is larger than 0.75. Therefore, the quasisteady analysis
should be able to predict the results. However, the accuracy of the
results depends on the validity of the correlations used. It is, there-
fore, speculated that the reason for the disagreement between the
theoretical predictions and the experimental results is due to the
inadequacy of the correlations for Sherwood and Nussult numbers
rather than a breakdown of the quasisteady assumption.

Conclusions
The effect of acoustic oscillations on the evaporation of droplets

was investigatedboth experimentallyand theoretically.Experiments
were performed using methanol droplets at room temperature.The
data show that the evaporationrate increaseswith increase in acous-
tic velocity and with frequency, although the latter dependence is
weak. The presence of an acoustic � eld with a maximum acoustic
velocity of 5 m/s (corresponding to a SPL of 160 dB) increases the
evaporationrate of droplets by more than 100%, whereas an acous-
tic � eld with a maximum acoustic velocity 1.6 m/s (corresponding
to a SPL of 150 dB) did not alter the evaporation rate signi� cantly.
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The enhancementof the evaporationrate appears to be due to 1) the
increase in convective heat transfer and mass transfer to and from
the droplet, respectively, caused by the acoustic oscillations and 2)
the decrease in the droplet terminal velocity caused by the acoustic
oscillations, thereby increasing its residence time in the acoustic
� eld.

The experimental results were compared with the predictionsob-
tained from a model for droplet evaporation that uses empirical,
quasisteady correlations for the transport of mass, momentum, and
energy. The model predicted the correct trends. The quantitative
agreement of the predictions with the experimental data depended
on the correlations used for Nussult and Sherwood numbers used
to model the heat and mass transfer, respectively. The predictions
using the correlation by Burdukov and Nakaryakov were in better
agreement with the experimentaldata than the more popularly used
correlations.

Appendix: Independence of the Droplet
Volume Change on the Initial Diameter

While proving that the droplet volume change is independent of
the initial droplet diameter, it was assumed that the droplets are
falling at their terminal velocity and that the terminal velocity is

Fig. A1 Comparison of predicted volume changes of methanol drop-
lets ofdifferent initialdiameters movinga � xeddistancealonga standing
wave as a function of acoustic velocity amplitude.

Fig. A2 Comparison of predicted volume changes of methanol drop-
lets injected into the test section with different velocities moving a � xed
distance along a standing wave as a function of acoustic velocity ampli-
tude.

linearlydependenton the diameter.However, the dropletsare not in-
jectedat their terminalvelocity,and they travelsomedistancebefore
reaching their terminal velocity. Furthermore, the terminal velocity
is not exactly linearly dependent on droplet diameter. These devi-
ations from the utilized assumptions can make the droplet volume
changea weak functionof its initial diameter.The dependenceof the
droplet volume change on the maximum rms value of the acoustic
velocity for methanol droplets with different initial diameters, cal-
culated theoretically [using the correlations given by Eqs. (3b) and
10(b)], is shown in Fig. A1. Figure A1 shows that the dropletvolume
change is only a weak function of the initial droplet diameter. The
droplet injection velocities were always less than 1 m/s. The the-
oretically computed droplet volume change for methanol droplets
for different injection velocities calculated theoretically are plotted
in Fig. A2, which shows that the results are nearly independent of
injection velocity in this velocity range.
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