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a b s t r a c t 

Acoustic levitation has been used successfully as a model system for spray polymerization processes and 

the determination of particle morphology. The experimental extension for the investigation of heat and 

mass transfer in levitated liquid droplets requires much more effort. In order to enable the levitation 

method as a universal tool for the tracking of heat and mass transfer, influencing experimental param- 

eters and their effect on relevant characteristics like droplet deformation, temperature and surrounding 

flow field were analyzed. These parameters were elucidated experimentally to reveal their mutual de- 

pendencies. It was shown that the evaporation rate is affected by the aspect ratio of a droplet, which 

is directly correlated with its wet-bulb temperature. This was primarily explained by varying acoustic 

flow field patterns based on classical fluid mechanics, gas velocities and acoustic boundary layer thick- 

nesses, which were visualized and quantified by particle image velocimetry. In order to study the wet- 

bulb temperature, thermocouple measurements on the levitated droplet were performed. It turned out, 

that the wet-bulb temperature is dependent on the power input and the resulting sound pressure level 

as it changes the acoustic field around the droplet. Moreover, the temperature measurement revealed 

the necessity to establish a temperature correction to account for heat conduction effects along the ther- 

mocouple shaft into the droplet. The illustrated experimental setup and measurement procedure is sup- 

posed to provide guidelines for the experimental determination of heat and mass transfer in evaporating 

droplets. 

© 2019 Elsevier Ltd. All rights reserved. 
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. Introduction 

The heat and mass transfer of liquid droplets in gaseous at-

ospheres has been studied widely for many decades and is of

reat interest in process engineering. There are many studies cop-

ng with the evaporation of single droplets under steady conditions

r with externally forced gas convection for instance by an inci-

ent gas flow [1–4] . Monitoring droplet diameters and tempera-

ures provides general insights into the evaporation process rele-

ant for spray drying, spray cooling, crop spraying, painting, coat-

ng and even combustion purposes. 

In order to study the heating and evaporation characteristics

f liquid droplets, there are several approaches to get access for

xperimental investigations. These setups are sessile droplets [5] ,

endant droplets [ 6 , 7 ] or freely falling droplets [8] . The latter is

imited to small droplets and volatile components with high evap-
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ration rates due to the experimental effort [9] , while the other

ethods incorporate surface interactions that influence the ob-

erved evaporation rate. An additional heat in- or output by fil-

ment, cannula or any other touching surface affects the droplet

emperature and disturbs the evaporation rate. 

On the contrary, levitation offers containerless and non-invasive

xperimental conditions for investigations on the heat and mass

ransfer of single droplets at elevated temperatures. There are

any different levitation principles such as aerodynamic [10] ,

coustic [11] , electrostatic [12] , optical [13] and magnetic [14] .

coustic levitation is the most commonly used and versatile

ethod to measure the evaporation rate and temperature of al-

ost any kind of liquid as pointed out by Priego-Capote and de

astro. [15] It was first described by Bücks and Müller [16] and was

ainly implemented in research by the National Aeronautics and

pace Administration (NASA) and European Space Agency (ESA)

n the 1970s as it allows the positioning of droplets or particles

nder microgravity conditions. [ 11 , 17 ] The physical basis of this

ethod is the generation of a standing acoustic wave counteracting

https://doi.org/10.1016/j.ijheatmasstransfer.2019.119057
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2019.119057&domain=pdf
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Nomenclature 

A surface area 

a major axis 

A R aspect ratio 

Ampl amplitude 

b minor axis 

d diameter 

F force 

h distance between sonotrode and reflector 

Le Lewis number 

Nu Nusselt number 

Pr Prandtl number 
˙ Q heat flux 

Re Reynolds number 

Sc Schmidt number 

Sh Sherwood number 

T temperature 

V volume 

Greek symbols 

λ wavelength 

Subscripts 

ax axial 

drop droplet 

gas gas 

rad radial 

TC Thermocouple 

gravitational forces in order to suspend objects in a gaseous atmo-

sphere. Therefore, it is highly suitable for the investigation of sin-

gle evaporating droplets serving as a model system for all kinds

of spray processes. [18] The particle formation and the respective

morphology has been successfully investigated for polymeric par-

ticles [19–23] , nanoparticles [ 19 , 24 ] and sugar alcohols like manni-

tol even including porosity of the resulting particles. [25] In these

cases, the resistance of heat and mass transport is based on the

formation of a solid shell during the emergence of particles. 

Compared to this, investigating the heat and mass transfer of

levitated liquid droplets is much more complex due to liquid/gas

interfaces, and acoustic forces and streaming affecting the droplet.

The evaporation of droplets is well described in literature [26] , es-

pecially for acoustically levitated droplets. [27] A recent review on

droplet evaporation is given by Zhang et al. [28] . Empirical correla-

tions for the Nusselt ( Nu ) and Sherwood ( Sh ) number were devel-

oped by r anz and m arshall back in the 1950s for the evaporation

of droplets including gas convection (Eqs. (1) + (2)) [29] . 

Nu = 2 + 0 . 6 R e 
1 
2 P r 

1 
3 (1)

Sh = 2 + 0 . 6 R e 
1 
2 S c 

1 
3 (2)

The Nusselt and Sherwood number can be described by the

Reynolds ( Re ), Prandtl ( Pr ) and Schmidt ( Sc ) number. A value above

two indicates an additional convection. An overview over other

empirical correlations is given by R enksizbulut [30] . 

For acoustically levitated droplets, Yarin et al. calculated

the acoustic radiation pressure based on the boundary element

method to predict droplet shapes and a resulting droplet displace-

ment in the acoustic field [31] . In further studies, the rates of heat

and mass transfer of acoustically levitated droplets were modeled

with regard to the acoustic streaming induced by the acoustic force

field [27] . Schiffter and Lee described an increased mass transfer

for evaporating droplets in comparison to boundary layer theory
ue to the acoustic streaming resulting in higher Sherwood num-

ers [32] . Zaitone et al. illustrated how the outer acoustic stream-

ng affects the heat and mass transfer by analyzing the vapor dis-

ribution around a droplet using laser absorption spectrometry and

omparing the droplet evaporation in an acoustic field versus a

lass-filament [ 33 , 34 ]. Further publications coping with acoustic

treaming and its influence on heat and mass transfer used par-

icle image velocimetry (PIV) as visualization technique [ 4 , 35–38 ].

he typical inner and outer acoustic vortices were characterized as

n induced convective gas motion around the droplets. The outer

ortices can be eliminated by introducing an external gas blowing

long the levitation axis. The droplets experienced a gas stream-

ng with various Reynolds numbers to approach conditions that are

lose to those in spray systems [18] . 

Acoustically levitated droplets are deformed to oblate spheroids

s the axial positioning force is approximately five times higher

han the radial one [39] . The resulting aspect ratio of the droplet

s an equilibrium between the surface pressure distribution and

he surface tension of the levitated media. Loth describes the de-

endence of droplet deformation on the local Weber and Reynolds

umber [40] . The shape and instability of levitated droplets un-

er high sound intensity and sound pressure level (SPL) conditions

ere studied experimentally and numerically by Lee et al. [41] . Di

t al. created liquid films with aspect ratios up to 16 by increas-

ng the SPL. Consequently, a pressure gradient is formed inside the

lm due to the buckled geometry and an enhanced suction effect

f acoustic radiation pressure at the droplets rim, leading to the

ormation of a bubble [42] . The bubble formation can also be in-

uced by tools like a needle or a rigid ring [43] . If the deforma-

ion of droplets by increased forces acting on the surface cannot be

ounteracted by surface tension, it can also result in the bursting

f the droplet due to the capillary waves [ 17 , 44 ]. A recent study by

aitone investigating the influence of the deformation of spheroids

n their evaporation rate revealed that it still follows the d ²-law

45] . 

The evaporation of acoustically levitated droplets, the influence

f acoustic streaming, and the deformation of droplets are well

escribed in literature. Acoustic levitators are oftentimes custom-

uilt and a precise comparison of evaporation data among differ-

nt devices is only reasonable, if the specific acoustic field is taken

nto account. Generally, standing wave conditions are set empir-

cally without any further differentiation. This study shows, that

vaporation rates can differ up to 40% by manipulating the acous-

ic levitator settings. The consecutive effect of the droplet shape on

coustic streaming patterns and velocities resulting in a non-linear

vaporation behavior has not been addressed in the literature, yet.

This work provides a sensible procedure for the determination

f heat and mass transfer in acoustically levitated droplets. To

oint out considerable effects and sensitivities of an experimen-

al acoustic levitation setup, a parametric study is performed. This

tudy addresses adjustments in the acoustic field and their influ-

nces on the acoustic streaming pattern visualized by PIV tech-

ique affecting the respective droplet evaporation. The results are

upposed to sensitize for experimentally based influences on evap-

ration data. 

. Experimental method 

.1. Setup of the acoustic levitator 

Experiments concerning single droplet evaporation were car-

ied out in a customized acoustic levitator with an insulated

rocess chamber ( Fig. 1 ). The key components were the ultra-

onic processor (UIP25spec, 25 W, Hielscher Ultraschall-Technologie )

sing a piezoelectric transducer with a frequency of 42 kHz, a

itanium horn as sonotrode (174 mm in length, 22 mm in diameter,
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Fig. 1. Experimental setup, true to scale, of the custom-built acoustic levitator for 

the on-line analysis of levitated droplets. The droplet and gas temperature were 

measured at the same point within the pressure node. 
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Fig. 2. Aspect ratio a/b (in this example 1.4) of an oblately deformed droplet de- 

fined by major axis a and minor axis b resulting from the inhomogeneous pressure 

field F ax > F rad . 
90 mm deep inside the process chamber, Ingo Jänich Ultra-

chall + Technologien ) and the concave reflector (33 mm inner

iameter, radius of curvature 16.7 mm) that was positioned dia-

etrically opposed. The distance between the horn and reflector

ould be adjusted by positioning tables (LTM 80–100-HSM, OWIS

mbH ) with an accuracy of ±25 μm. 

The setup was surrounded by an insulated process chamber

50 × 50 mm base, 150 mm in height) that allowed the adjust-

ent of the gas temperature up to 250 °C by an implemented

eating cable ( Horst GmbH ). The liquid sample of distinct volumes

as injected into the pressure node using a microliter syringe

 Hamilton Bonaduz AG ) with a volume of 10 μL and an accuracy of

0.1 μL. 

The droplets were monitored on - line by shadowgraphy images

aken by a CMOS high speed camera (1024 × 1024 pixels, 1

ixel = 3.78 μm, MotionPro Y4 , Integrated Design Tool Inc. ) provid-

ng images with a rate of up to 8 Hz. A micro-inspection lens sys-

em (Optem zoom 125, Qioptiq ) was attached to the camera for

agnification. The droplets were illuminated through a clouded

olycarbonate window by a cold-light source (Technolight 270,

ARL STORZ GmbH & Co. KG ). An online data processing program

ritten in LabVIEW ( National Instruments ) was used as a control

oftware for measurement data acquisition with an analysis al-

orithm that utilized the shadowgraphy images to determine the

ajor and minor axis length ( ±4% uncertainty) of the ellipsoidal

haped droplet. On that basis, the droplet surface and volume were

alculated. 

A thermocouple (IKT 015, IKT 025 and IKT 035, all type K, class

, ES Electronic Sensors GmbH ) with a diameter of 150/250/350 μm

ould be introduced through a hole in the reflector for temper-

ture measurements of the levitated droplet. The thermocouples

ad a specified absolute error of less than ±1.5 °C. A potential tem-

erature offset of the individual thermocouple was eliminated by

alibration. Long-term measurements at constant surrounding tem-

erature provided a standard deviation in temperature value below

.1 °C. 

Particle image velocimetry experiments were conducted with

 double-pulsed Nd:YAG laser system ( λ = 532 nm, pulse du-

ation = 7 ns, BSL T 220, Quantel) and light section optics
rom ILA_5150 GmbH. Images were recorded by a CCD camera

1600 × 1200 pixels, PCO 1600, PCO AG) with an attached optic

Micro-Nikkor 105 mm, Nikon). 

. Results and discussion 

The evaporation of acoustically levitated droplets depends on

ultiple influences like the acoustic force field, droplet deforma-

ion, and acoustic streaming. The interpretation of obtained evapo-

ation data is complicated as these factors are mutually dependent

nd the complex relationships are not completely understood. 

The following experiments were conducted with bi-distilled

ater as levitated media. Water with its relatively high surface

ension was able to cover a broad range of experimental conditions

nd droplet shapes without being atomized. The shape of a droplet

as influenced by adjusting the distance between sonotrode and

eflector and varying the amplitude of the sonotrode. 

.1. Adjustment of droplet aspect ratio and its effect on wet-bulb 

emperature and evaporation behavior 

Acoustically levitated droplets do not exhibit a perfectly spher-

cal shape due to the applied inhomogeneous pressure field. The

xial positioning forces F ax exceed the radial positioning forces

 rad approximately by the factor 5 ( Fig. 2 ). [39] As a result, the

roplets are deformed to oblate spheroids with an increased sur-

ace area. The deformation, which can be determined by the acous-

ic Bond number Bo a , mainly depends on the SPL acting onto the

roplet surface and the surface tension of the liquid [42] . The re-

ulting droplet shape is characterized by the aspect ratio a/b of the

roplet, which is defined by the major axis a and the minor axis b

 Fig. 2 ). The aspect ratio can be raised either by enhancing the SPL

hrough increasing the amplitude of the sonotrode or by increas-

ng the sound intensity through decreasing the distance between

onotrode and reflector [46] . The influence of gravity on the aspect

atio is negligible as pointed out by Xie and Wei [47] . 

The levitation of droplets is usually achieved by empirically ap-

lying conditions as close as possible to the standing acoustic wave

ondition. There are numerous combinations in levitator settings,

hich lead to a more or less stable levitation of droplets within

he same pressure node, however, at varying aspect ratios. 

The aspect ratio of a droplet is used as a directly quantifiable

roduct of the applied acoustic pressure field. Adjusting the aspect
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Fig. 3. Contour plot regarding the influence of the ultrasonic amplitude and sonotrode displacements in wavelength fractions λ on resulting water droplet ( V = 3.5 μL) aspect 

ratio modeled by design of experiments (18 experiments). 
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5  
ratio of a droplet can be achieved by manipulating the acoustic

field either by changing the power (25 W in maximum) and there-

fore the amplitude of the sonotrode Ampl (39 μm at 100%, 16 μm

at 50% peak to peak, respectively) or changing the distance be-

tween sonotrode and reflector h . A modulation in distance between

sonotrode and reflector ( �h ) is given in fractions of the wavelength

( λ = 8.17 mm) with regard to the initial distance of 39.4 mm. This

corresponds to a distance of 4.8 λ at the lowest point of the re-

flector. The curvature of the reflector provides a stable levitation at

this distance despite the fact, that the distance does not formally

fulfill the criteria of an being an integer number of half the wave-

length. The influence of both factors on the aspect ratio of water

droplets with an initial volume of 3.5 μL was evaluated with the

help of design of experiments and statistical analysis at 70 °C gas

temperature. The coded and normalized equation obtained by DoE

enables a comparison of the individual influences ( Eq. (3) ). It re-

veals that the impact of the amplitude of the emitter exceeds the

influence of the distance between sonotrode and reflector by 46%

under the chosen experimental conditions. Additionally, the aspect

ratio is affected by an interaction term. 

a/b = 1 . 43 + 0 . 2639 · Ampl − 0 . 1809 · h − 0 . 1332 Ampl · h (3)

It is possible to alter the droplet aspect ratio inside the same

pressure node precisely by manipulating the levitator settings

( Fig. 3 ). A slight deviation from acoustic wave resonance condi-

tions can be overcome by adjusting the power and thereby the

sonotrode amplitude. This coupling clarifies the diversity of evap-

oration conditions if not further defined. The value for R ² of 0.93

being close to the adjusted R ² of 0.87 proves a good and significant

model regarding the studied influences on the droplet aspect ratio.

The aspect ratio of water droplets increases almost linearly up to

2.1 by decreasing the distance between sonotrode and reflector by

0.077 λ compared to regularly applied standing wave conditions

and raising the amplitude to 80%. Almost spherical droplets with

an axial ratio of 1.1 can be generated by low amplitude values and

increasing the distance between sonotrode and reflector. However,

the lowest limit of acoustic forces for the compensation of gravita-

tional forces is reached in this area and the experimental feasibility

is not guaranteed for all combinations. 

A higher energy input entails a higher aspect ratio, which in-

creases the surface-area-to-volume ratio of the droplet. This influ-

ences the heat and mass transfer as they occur at the interface be-
ween the liquid and the gaseous phase. This effect can be deter-

ined by investigating the wet-bulb temperature of droplets with

arying aspect ratios. The wet-bulb temperature of the droplet

s exhibited due to the equilibrium between heat transfer and

vaporative cooling, which leads to a constant droplet tempera-

ure over time. The droplet temperature, however, is the measured

emperature, that includes influences by the measurement tech-

ique. The droplet temperature was measured by a thermocou-

le (150 μm in diameter) and corrected based on Fig. 11 in order

o obtain the wet-bulb temperature. A temperature measurement

y IR-thermography as implemented by Tuckermann [48] cannot

e applied at elevated temperatures inside the process chamber

ue to surface reflections of heat radiation. The influence of the

ocal power input due to sonotrode amplitude and the distance

etween sonotrode and reflector on the wet-bulb temperature of

ater droplets was investigated with an initial volume of 3.5 μL

 Fig. 4 ). The evaluation was based on design of experiments and

tatistical analysis at 70 °C gas temperature. The normalized and

ransformed equation shows that the influence of the amplitude

xceeds the effect of the distance between sonotrode and reflec-

or by 17%. The same parameters and their combination being sta-

istically significant in Eqs. (3) and (4) show a direct linkage be-

ween the aspect ratio and the droplet temperature. Consequently,

he droplet temperature can be determined based on the aspect

atio of the respective droplet independently from the specific lev-

tator parameters. 

 

3 = 17601 . 94 + 1162 . 49 · Ampl − 989 . 54 · h − 1152 . 26 · Ampl · h (4)

The wet-bulb temperatures varies from 21.5 °C at lower acoustic

orces to 23.5 °C at higher forces due to higher sonotrode ampli-

udes and shorter distances between sonotrode and reflector. The

easured temperature values are corrected by −4.8 K according to

he finding in Fig. 12 in order to obtain the wet-bulb tempera-

ure.The obtained significant model with an R ² of 0.91 and an ad-

usted R ² of 0.88 reveals a dependence of the wet-bulb temperature

n both parameters alternating the acoustic force field. 

The wet-bulb temperature of a droplet is influenced by the

coustic radiation pressure ( Fig. 5 ). The pressure distribution field

s simulated with COMSOL® based on the initial distance between

onotrode and reflector of 39.4 mm. An additional surface averaged

adiation pressure amounts 3.25 kPa at an amplitude of 55% and

.3 kPa at an amplitude of 80%. The difference of 2.05 kPa yields an
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Fig. 4. Contour plot of the influence of ultrasonic amplitude and sonotrode displacements in fractions of the wavelength λ on resulting water droplet ( V = 3.5 μL) wet-bulb 

temperature modeled by design of experiments (18 experiments). The temperature is corrected by −4.8 °C according to Fig. 11 . 

Fig. 5. Acoustic radiation pressure distribution and resulting SPL inside the levitator 

with inserted spherical water droplet ( V drop = 3.5 μL, Ampl = 70%, T gas = 70 °C). 
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Fig. 6. Influence of the amplitude of the sonotrode on resulting gas temperature 

within the pressure node with standard deviation. Temperature measurements were 

done by thermocouple according to Fig. 1 . 
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ncrease in wet-bulb temperature of 0.2 °C within the experimen-

al settings [ 49 , 50 ]. This explains 10% of the increase in wet-bulb

emperature as seen in Fig. 4 . 

An increased gas temperature in the droplet surrounding

 Fig. 6 ) was found as another valid explanation for the varying wet-

ulb temperature. A higher amplitude of the sonotrode increases

he sound pressure level, which leads to an increase of evaporation

ate according to the results of Bänsch and Götz. [51] Additionally,

he process chamber of the levitator contains a temperature gradi-

nt as it is heated by heating wires through the chamber walls. The

as temperature decreases gradually towards the non-heated cen-

er, where additional gas convection was induced by the acoustic

orce field ( Fig. 8 ). This gas convection leads to significant changes

n gas temperatures within the pressure node ( Fig. 6 ). An increase

n gas temperature of 1.5 K within the experimental window used

n Figs. 3 and 4 results in a 3% higher evaporation rate based on a

tatistical evaluation of evaporation data by Hellwig. [52] A further

uantification of this effect on droplet temperature is renounced as

he gas temperature measurements were done without a droplet

n the acoustic field. Acoustic wave reflections on the surface of a

roplet have further impact on gas patterns and temperature val-
es. Trinh and Robey published the influence of acoustic gas con-

ection on a heated thermistor for further information [36] . 

Both statistical models for the wet-bulb temperature ( Fig. 4 )

nd the aspect ratio ( Fig. 3 ) exhibit the same trend and show a

irect correlation of these two target parameters. A higher droplet

eformation entails an increase in wet-bulb temperature. This be-

avior is not intuitive as an increase in surface-area-to-volume ra-

io could lead to an equally improved heat and mass transfer re-

ulting in the same temperature. 

Higher aspect ratios cause an increase in evaporation rate of

he respective droplet ( Fig. 7 ). The evaporation rate was calculated

ased on the temporal evolution of the squared sphere equiva-

ent diameter which corresponds with the slope according to the

 ²-law by Law and Law [3] . It was further normalized with re-

pect to the evaporation rate of a droplet as close as possible

o a perfectly spherical shape (a/ b = 1.09). Although the ambient

onditions were not changed, an increased normalized evapora-

ion rate of up to 40% can be observed at an aspect ratio of 1.6
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Fig. 7. Influence of the droplet aspect ratio on resulting normalized evaporation rate and normalized surface-area-to-volume ratio of acoustically levitated water droplets 

( V = 2 μL, gas temperature 60 °C). Measurement points are based on four individual droplets at minimum with their respective standard deviation. The standard deviation of 

the droplet aspect ratio increases with higher values as the acoustic force was kept constant in contrast to investigations of Zaitone [45] . 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 8. Acoustically levitated water droplet ( V = 2 μL) with tracer particle seeding 

in the gaseous phase and superimposed streaming velocity vectors obtained by PIV 

analysis. 
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compared to almost spherical droplets. A possible explanation of

the rise in normalized evaporation rate can be provided by a

higher surface-area-to-volume ratio and the associated increase in

heat and mass transport. This is analogous to an increase in nor-

malized evaporation rate for decreasing droplet sizes as shown by

Verwey and Birouk [53] . The surface-area-to-volume ratio is calcu-

lated based on a rotationally symmetric elliptic droplet geometry.

The increase in evaporation rate at higher aspect ratios exceeds the

rise in surface-area-to-volume ratio. A reason for this behavior is

provided by a higher acoustic radiation pressure ( Fig. 5 ), a higher

surrounding gas temperature ( Fig. 6 ) and a larger wet-bulb tem-

perature of the droplet ( Fig. 4 ) at bigger aspect ratios. However, the

non-linear behavior at low aspect ratios with a local maximum at

an aspect ratio of 1.6 cannot be explained by the identified effects,

yet. An explanation is provided by changes in acoustic flow field

characteristics and streaming velocities, that are accompanied by

varying convective heat and mass transfer. 

3.2. Acoustic flow field characteristic in the surrounding of oblate 

droplets 

Different acoustic pressure fields and resulting droplet shapes

lead to various acoustic streaming characteristics. On the one hand,

the acoustic wave reflection pattern changes with droplet shape.

On the other hand, the induced gas flow due to acoustic stream-

ing impinges on different droplet curvatures resulting in different

deflection patterns. 

The analysis of the flow field around levitated water droplets

by PIV ( Fig. 8 ) proves the existence of the characteristic acoustic

vortices described by Yarin [27] . The inner acoustic streaming is

located at the surface boundary, while the outer acoustic streaming

is represented by the toroidal vortices. 

The incident gas flow approaches the droplet diametrical op-

posed in direction of the levitation axis over the entire width

of the droplet. The gas flow with the mean velocity of 10 cm/s

is accelerated to a maximum of 19 cm/s after being deflected

by the droplet ( V = 2 μL, aspect ratio = 1.8, d m 

= 2.1 mm) into

two streaming channels, each with a diameter of approximately
00 μm. Having surpassed the droplet surface, the gas leaves into

he bulk orthogonally to the levitation axis with a reduced velocity.

The comparison of the flow velocity vectors in the surrounding

f droplets at different aspect ratios reveals that the gas velocity

ncreases with higher aspect ratio ( Fig. 9 ). The incident flow veloc-

ties approaching the droplets from the top is averaged along the

ntire droplet width. In a distance of 555 ± 25 μm in front of the

roplet surface, the mean gas velocity ranges from 7.0 cm/s at an

spect ratio of 1.2–12.5 cm/s at an aspect ratio of 3.1 ( Table 1 ). The

elocity distribution of the gas along the droplet width, each re-

erred to a droplet of an aspect ratio of 1.2 ( a = 1.87 mm), is given

n Fig. 9 . A normally distributed velocity field was obtained ex-

ibiting a laminar flow behavior in the droplet surrounding. 

At high aspect ratios of 3.1 ( Fig. 9 c), a steady boundary layer

ith a thickness of 200 μm was formed around the droplet that

as not present at an aspect ratio of 1.8 ( Fig. 9 b). This can be ex-

lained by the generation of a stagnation point as the gas flow

mpinges onto the droplet surface in an angle close to 90 °. An

lmost spherical droplet (aspect ratio 1.2, Fig. 9 a) formed a stall

f the flow, where the gas does not follow the whole curvature

f the droplet. This results in an area with a low gas velocity in
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Fig. 9. Acoustic flow field around a levitated water droplet ( V = 2 μL) with an aspect ratio of 1.2 (a), 1.8 (b) and 3.1 (c). Velocity vectors were derived by calculating the 

mean velocity of at least 19 image pairs taken with 2 Hz. 

Table 1 

Mean incident flow velocity and resulting Reynolds, Nusselt and Sherwood number for water droplets at 

different aspect ratios. 

Aspect ratio Major axis / mm Mean incident flow velocity / cm/s Re number Nu/Sh number 

1.2 1.87 7.0 9.1 3.6 

1.8 2.05 10.2 14.5 4.0 

3.1 2.37 12.5 20.6 4.4 

e  

v  

i  

w

 

v  

t  

l  

fi  

u  

d  

f  

b  

a  

i  

e  

t  

b  

n  

w  

h  

i  

b  

e  

w  

t

 

o  

c  

t  

a  

t  

v  

b  

r  

S  

(  

p  

i  

r  

i  

o  
quatorial direction. In this case, the outer areas of the toroidal

ortices, visible by an enriched tracer particle density, were located

n a distance of 500 μm to the droplet surface, while the distance

as halved to 250 μm at higher aspect ratios. 

The inner acoustic streaming at the surface boundary layer pro-

ides a forced convection that results in a higher heat and mass

ransfer, while the outer acoustic vortices accumulate evaporated

iquid, that inhibits further evaporation processes. Referring to the

ndings of Fig. 7 , a disproportionate increase in evaporation rate

p to 40% at an aspect ratio of 1.6 compared to an almost spherical

roplet can be explained by an enhanced gas velocity at the sur-

ace boundary layer (compare Fig. 10 ) resulting in higher Re num-

ers ( Table 1 ). Another contribution to a higher evaporation rate is

 streaming pattern following the droplet curvature more closely

nstead of forming a stall and an area of low gas velocity at the

dge of the droplet in horizontal direction. A decrease in evapora-

ion rate at higher aspect ratios around 2.0 (compare Fig. 7 ) could

e explained by the absence of a boundary layer due to a stag-

ation point with very low gas velocities as observed at a droplet

ith an aspect ratio of 3.1 ( Fig. 9 c). As the gas velocity increases at

igher aspect ratios due to the higher energy input, a further ris-
ng evaporation rate can be explained by the higher Reynolds num-

ers and a larger surface-area-to-volume ratio, as well. These first

xperimentally based interpretations are supposed to be validated

ith further PIV measurements in a finer resolution of aspect ra-

ios in the future. 

The Reynolds numbers ranging from 9.1 to 20.6 for aspect ratios

f 1.2 and 3.1, respectively, were calculated based on the mean in-

ident flow velocity 550 ± 25 μm in front of the droplet surface and

he droplet major axis a as characteristic length. This was done as

n estimation of an averaged velocity that is lower at the poles and

he equator of the oblate droplet and higher in areas of higher cur-

ature in between. The characteristic Nusselt and Sherwood num-

ers at different aspect ratios were calculated based on the cor-

elations of Ranz and Marshall (Equations (1) + (2)) [29] . As the

chmidt and Prandtl number are constant and resulted in a Lewis

Le) number of ≈1, Nusselt and Sherwood number are solely de-

ending on the Reynolds number. Nusselt and Sherwood number

ncrease from 3.6 at an aspect ratio of 1.2–4.4 at a higher aspect

atio of 3.1 ( Table 1 ). This fact, in combination with the alternat-

ng streaming patterns, the wet-bulb temperature being dependent

n the aspect ratio (compare Fig. 4 ), the gas temperature being
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Fig. 10. Flow velocity distribution approaching an acoustically levitated water droplet ( V = 2 μL) from the top along the droplet width, each referred to an aspect ratio of 1.2 

( a = 1.87 mm), in a distance of 550 ± 25 μm with standard deviation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 11. Heat transfer due to invasive droplet temperature measurement by ther- 

mocouple including important heat fluxes, interface areas and the temperature gra- 

dient within the thermocouple. 
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dependent on the energy input and the general change in surface-

area-to-volume ratio of oblate droplets explains the characteristic

behavior in evaporation rate observed in Fig. 7 for different aspect

ratios. 

Models concerning the evaporation of oblately deformed

droplets are supposed to be extended to reproduce the non-linear

relation of the evaporation rate at different aspect ratios. This can

be done by more extensive experimental validations over a broader

range of aspect ratios in order to refine models, for example from

Zaitone [ 45 , 54 ]. Afterwards, the model takes into account that the

acoustic streaming velocity and the flowing pattern change as the

aspect ratio is adjusted by modulating the acoustic field. In a free

gaseous medium without acoustic streaming, the evaporation rate

would monotonically increase at rising aspect ratios due to the

higher surface-area-to-volume ratio. 

3.3. Temperature measurement of evaporating droplets 

An adequate measurement of the droplet temperature is

essential for the determination of heat and mass transfer in a

levitated droplet. The temperature data was obtained by inserting

a thermocouple with a diameter of 150 μm inside the droplet near

its center. The thermocouple measurement causes an accelerated

evaporation by 6 ± 4% compared to freely levitated droplets at a

gas temperature of 70 °C. A more precise quantification is not pos-

sible as the thermocouple generally tends to lower the aspect ratio

of a deformed droplet leading to changes in ambient conditions

as already discussed. Due to this fact, the increasing evaporation

rate might be underestimated as the evaporation rate decreased at

lower aspect ratios below 1.6 according to Fig. 7 by superimposing

the additional heat conduction provided by the thermocouple.

Additional PIV measurements in the droplet surrounding with

inserted thermocouple and inside a deformed droplet could pro-

vide insights into alterations concerning heat and mass transfer.

However, at this point, the increase in evaporation rate overlaps

with the image based significance threshold of 4%, thus only

indicating an influence of the thermocouple due to additional heat

conduction, especially at higher temperatures. Consequently, the

invasive temperature measurement method is expected to induce

an additional heat transfer, which has to be considered ( Fig. 11 ).
he thermocouple enhances the heat transfer area as the heat

xchange does not only take place at the interface between droplet

nd gas A gas, drop , but also at the interface between thermocouple

nd gas A gas, TC . A conductive heat flux into the droplet Q TC along

he stainless steel covered thermocouple is formed, that enhances

he droplet temperature. This effect is expected to increase with

igher difference between droplet and gas temperature. 

The experimental estimation of the heat flux along the thermo-

ouple axis was performed by measuring the droplet temperature

f water droplets with structurally identical thermocouples (Type

, Class A, Electronic Sensor) with different diameters ranging

rom 150 to 350 μm. The detected water droplet temperature

ncreases linearly with the diameter of the inserted thermocouples

rom 24.0 °C for a diameter of 150 μm by 6.3 °C to a maximum of

0.3 °C for the 350 μm thermocouple ( Fig. 12 ). By extrapolating the

ata, an intercept point at 19.2 °C at the droplet temperature axis

s obtained as the wet-bulb temperature for these conditions. As

 result, the obtained data by the invasive 150 μm thermocouple

s supposed to be corrected by adjusting the value for aqueous
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Fig. 12. Influence of thermocouple size on the measured temperature of water and octane droplets at a gas temperature of 62 °C with standard deviation and extrapolated 

wet-bulb temperature. 
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roplets by −4.8 K to receive the wet-bulb temperature. A cor-

ection of −4.0 K is obtained by applying the same method for

rganic octane droplets. These findings are in great accordance

ith the data of Downing, [6] who correlated the wet-bulb tem-

erature for evaporating pendant droplets in a heated air stream.

he linearity of the measured data shows, that the heat transfer is

imited by the surface of the thermocouple and therefore the in-

erface area with the gaseous atmosphere. A quadratic dependence

ould speak for a limitation by the cross-sectional area of the

hermocouple and thus the heat conduction along the axis into the

roplet. 

It is known that levitated droplets exhibit complex flow pat-

erns, which provide mixing within the droplet [ 35 , 55 , 56 ]. The in-

erted thermocouple could cause turbulences, which increase the

roplet mixing or act like a flow breaker to suppress fluid circu-

ation. This impact is supposed to be strongly dependent on the

ize of the thermocouple and the droplet. These effects of the in-

asive measurement technique have not been further investigated

et. 

.4. Recommendations for valid evaporation measurements of 

evitated droplets 

In order to obtain reliable results concerning the heat and mass

ransfer of acoustically levitated droplets, several experimentally

ased details should be ensured. First of all, the acoustic pres-

ure field is fixed by a constant distance between sonotrode and

eflector and a constant sonotrode amplitude. Based on this, the

evitated droplets inside the chosen pressure node exhibit a cer-

ain aspect ratio, ideally close to spherical droplets of around 1.2.

his aspect ratio reduces the influence of convective heat and mass

ransfer due to the acoustic streaming, while still counteracting

ravitational forces to ensure a stable levitation process. It is im-

ortant to compare data of droplets with the same aspect ratio,

ecause changes in evaporation rate might stem from different

coustic streaming patterns and gas velocities and not from the ob-

ective parameter. Otherwise, detailed knowledge about the acous-

ic streaming patterns is mandatory. The gas temperature inside

he pressure node is dependent on the sound pressure level and

treaming pattern due to a temperature gradient, if the process
hamber is solely heated through the walls. An external pre-heated

as flow can diminish the temperature gradient inside the process

hamber. 

Temperature measurements should be done by a thermocou-

le as small as possible in diameter to reduce heat conduc-

ion into the droplet. Alternatively, Raman thermometry [ 57 , 58 ]

r planar laser-induced fluorescence [59] could provide contact-

ess temperature measurement methods at a more extensive effort,

hough. 

. Conclusions 

This study pointed out the interdependencies of the experimen-

al setup parameters of an acoustic levitator, the resulting droplet

hape and its impact on acoustic streaming and the respective heat

nd mass transfer. 

The aspect ratio of a droplet was the result of the characteristic

coustic force field set by the sonotrode amplitude and the dis-

ance between sonotrode and reflector. Models obtained by design

f experiments revealed that the droplet temperature was linked

o the aspect ratio of the respective droplet and increased up to

 °C at higher aspect ratios. However, the evaporation rate was

ot proportional to droplet deformation and the respective surface-

rea-to-volume changes and experienced discrepancies of 40% in

aximum. This was explained by a higher surrounding gas tem-

erature and changing flow field patterns of the inner acoustic

treaming as visualized by PIV measurements. Additionally, a de-

aching of the gas stream along the droplet curvature at low as-

ect ratios and the formation of a boundary layer due to a stag-

ation point around the whole droplet at high aspect ratios oc-

urred. Acoustic streaming velocities were proved to increase at

igher aspect ratios resulting in higher Reynolds and consequently

igher Sherwood and Nusselt numbers. Heat conduction along the

xis of the thermocouple was accounted for by correcting the mea-

ured temperature by data extrapolation in great accordance with

iterature data [6] in order to gain the wet-bulb temperature of

he evaporating droplet. Finally, general recommendations for valid

vaporation measurements of acoustically levitated droplets were

rovided. 
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