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Surface acoustic wave (SAW) atomization is an attractive approach for generating
monodispersed microdroplets for a diversity of applications, from drug delivery to mass
spectrometry, due to its reliability, miniaturizability, and portability. Here, we demon-
strate a nozzleless spray cooling technique based on SAW atomization, with the key
advantage of downward scalability: increasing the operating frequency facilitates the
fabrication of a chip-sized atomizer to use in compact cooling of electronic devices. Using
deionised water, cooling is improved by 15% when the atomization rate is increased by
40%; when the gap separating the SAW device and heat source is halved, the cooling is
improved by 20%. By constructing the device such that the atomized droplets are easily
deposited upstream of the flow circulation, the performance is improved further. The
atomization of CuO nanoparticle suspensions (at 3%) increased the cooling performance
by 30%. Merely increasing the nanoparticle mass concentration in the suspension from 1%
to 3% leads to an improvement in the cooling by 10% due to the deposition and formation
of nanoparticle clusters on the heated surface, thereby increasing the total surface
area. Further increases in the nanoparticle concentration to 10% however results in a
diminution in the cooling due to the increase in the suspension viscosity μ, that leads
to a reduction in the atomization rate _m � μ�1=2 for a given input power. Finally, we
demonstrate the concept of using tapered finger transducers to selectively enhance local
cooling in a desired area by simply changing the excitation frequency, without requiring
repositioning of the SAW device.

& 2014 Elsevier Ltd. All rights reserved.
1. Introduction

With the ever-increasing demand for high density electronic devices packed with millions to billions of transistors, and
the associated heat generated during their operation, proper thermal management has long been important and is now a
key driver of device design. This is because the performance and lifetime of these compact electronic devices, including
microprocessors, laser diode arrays, X-ray anodes, light-emitting diodes (LED) and many others, are intrinsically limited by
the cooling efficiency. For instance, Narendran & Gu (2005) reported that the life span of LEDs decreases exponentially with
increasing temperature. Many different types of cooling techniques have been proposed to address these problems,
handling extreme heat fluxes in confined spaces. Such techniques include (Agostini et al., 2007; Ebadian & Lin, 2011;
Kim, 2007): single- and two-phase flow microchannel and porous media heat exchangers, thermosyphons, heat pipes,
jet impingement cooling, and spray cooling.
.K. Tan).
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Among these techniques, spray cooling is one of the most promising due to its high heat-flux removal capability. Spray
cooling involves the generation of fine droplets, which subsequently impinge on a heated surface (i.e., the heat source). The
impinged droplets then either form a thin liquid film atop the heated surface which subsequently evaporates, or, evaporates
immediately without formation of the thin film. Considering a small droplet at room temperature that deposits on a heated
surface, the amount of heat required to vaporize the droplet consists of the sensible and latent heats, i.e.,

Q ¼mðcpΔTþhfgÞ; ð1Þ
where m is the mass of the droplet, cp is the specific heat at constant pressure, ΔT is the change in temperature from the
droplet's initial condition to its saturation temperature, and hfg is the latent heat of vaporization. Smaller droplets require
less energy for vaporization and therefore vaporize at a faster rate than their larger counterparts, altogether leading to a
faster rate of cooling as the droplet size is reduced.

Generally, nozzles are employed to deliver the spray in spray cooling techniques, and the diameter of the nozzles used
define the droplet size. A piezoelectric transducer is frequently used as the actuator to pressurize the liquid in a chamber
such that it is repeatedly forced through an orifice, forming individual droplets at high speed, resulting in the generation of
many fine droplets that impinge on the heated surface (Hsieh et al., 2014; Lim et al., 2008). Another technique known as
electrohydrodynamic atomization or electrospraying (Cloupeau & Prunet-Foch, 1994; Nguyen et al., 2014; Wang &
Mamishev, 2012a,b; Wilhelm et al., 2003) employs an electric field as the droplet generation mechanism wherein
counterions in the fluid are attracted to the tip of the meniscus protruding from a nozzle when it is raised to an applied
potential. Due to Coulombic repulsion, the tip, which deforms into a conical shape known as the Taylor cone (Taylor, 1964),
subsequently disintegrates to produce a thin jet that breaks up due to Coulombic fission or hydrodynamic instabilities to
form the droplets (Sen et al., 2007), which are then attracted to the surface of the collection electrode, which acts as the
thermal exchange surface. While electrospray cooling is able to achieve high heat removal rates, a disadvantage of the
technique is the requirement of a very high DC voltage supply (� 103 V). Moreover, one of the limitations of nozzle-based
devices is their propensity to clog, either by condensates or by vapor lock with gas entrapment in the orifice (Lohse et al.,
2008). Clogging can also be caused by the hydrodynamic bridging (Lee et al., 2012; Ramachandran & Fogler, 1999), which
occurs upon the arrival of several foreign particles or impurities at the nozzle simultaneously, forming particle bridges. The
size of these foreign particles can be an order of magnitude smaller than the diameter of the nozzle. In a different study
reported by Georgieva et al. (2010) on the microchannel flow of a solution suspended with nanoparticles, they found that
hetero-coagulation of these suspended nanoparticles with the micron-sized impurities in the solutions can lead to flow
induced aggregation and clogging; the diameter of impurities can be significantly smaller than the size of the channels. Due
to the higher possibilities of clogging on nozzle-based devices, regular shutdown for cleaning and maintenance is required.
In contrast, nozzleless devices employ a spatiotemporally varying, externally applied force to destabilize the free surface of
the liquid, leading to its breakup into a mist of fine droplets whose size is a function mainly of the fluid's physical properties.
In the remaining portion of this paper, nozzleless spray cooling using surface acoustic waves is shown to be an effective
technique to generate a plume of microdroplets for cooling.

In this study, we demonstrate a spray cooling technique that employs surface acoustic wave (SAW) atomization as the
spray droplet generation mechanism. The SAW device consists of an interdigital transducer (IDT) patterned on a
piezoelectric substrate, which, upon application of a sinusoidal electrical wave, generates a mechanical wave that is mostly
confined adjacent to the surface of the substrate, i.e., within one acoustic wavelength from the surface. Upon contact with a
fluid placed atop the substrate, the leakage of acoustic radiation into the fluid generates sound that propagates into the fluid
responsible for both an acoustic radiation pressure at the free surface of the liquid and a bulk momentum transport in the
liquid known as acoustic streaming (Ding et al., 2013; Friend & Yeo, 2011). Consequently, different phenomena—vibration
(Miyamoto et al., 2002), transport (Tan et al., 2007), mixing (Shilton et al., 2008, 2014), and jetting (Guo et al., 2014; Tan
et al., 2009)—can be induced within the liquid body depending on the magnitude of the surface acceleration on the
substrate, itself controlled by the amount of input power delivered to the device. Beyond a critical power or substrate
acceleration, however, these phenomena are subsumed by the breakup of the free surface of the liquid as it atomizes to
produce a mist of aerosol droplets, approximately 1–10 μm in diameter, typically ejected at velocities up to 1 m/s (Chono et al.,
2004; Collins et al., 2012; Qi et al., 2008, 2009). The focus of this work is to harness this ability to produce a high-velocity
stream of atomized droplets to reduce the surface temperature of a heated plate placed at a certain separation distance, hgap,
from the substrate as a means for efficient nozzleless spray cooling. A major advantage of the technique is the ease with
which the SAW devices can be miniaturized for portable applications, an important consideration in future electronic chip
cooling applications. A brief comparison of the important characteristics between the nozzle-less spray using SAW device
and the nozzle-based spray using piezoelectric transducer and electrospray is shown in Table 1.

2. Experiments

Figure 1(a) illustrates the focusing single-phase unidirectional transducers (Fig. 3(a)) used in the experiments, fabricated
on a 1281 rotated Y-cut X-propagating, single-crystal lithium niobate (LiNbO3) piezoelectric substrate. A sinusoidal electric
signal generated from a function generator (WF1966, NF Corporation, Japan) was amplified using a high frequency amplifier
(25A250A, Amplifier Research, USA), and subsequently applied to the IDT to generate a SAW that propagates on the
substrate. The frequency of the signal was set to match the resonant frequency f SAW of the device, set by the gap and spacing



Table 1
A brief comparison of different techniques to generate droplets for cooling of micro-devices.

Technique to generate droplets Fluid Flow rate (ml/min) Droplet size (μm)

Nozzleless: SAW atomization (Qi et al., 2008) Water 0.5–0.7 1–10
Nozzle-based: piezoelectric actuator (Huang et al., 2005) Water 0.5–1.2 20–80
Nozzle-based: electrospray (Deng & Gomez, 2011) Ethanol 0.4–1.7 5–30
Nozzle-based: piezoelectric micropump (Hsieh et al., 2014) Water 2.4–32 7–35
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Fig. 1. (a) Sketch illustrating the experimental setup (not to scale). (b) Top view of the copper plate, within which two resistance heaters of cylindrical
shape are embedded. A total of 16 thermocouples were placed in a two-dimensional array to map the temperature profile of the study area. The
thermocouples were connected to a data logger in order to record the fluctuation in the temperature at a sampling rate of 1 Hz.
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of the IDT structure. Cleanroom paper (porous media) (WIP-100DLE, SUOREC, Malaysia) was used to deliver deionised (DI)
water from a beaker to the surface of the substrate through capillary action, forming a thin liquid film on the substrate at the
edge of the paper strip from which the atomization occurs, as depicted in Fig. 2. Two layers of paper strips were used as a
wick to ensure sufficient water flow to the SAW device, preventing depriming of the wicking material and failure of the
atomization. To drive continuous atomization at lower power, the input signal was amplitude modulated at fm (Rajapaksa
et al., 2014). The measured total input power to the SAW device was in the range of 1.0–2.5 W.

To investigate the cooling effectiveness of the microdroplets atomized by the SAW, a 500 μm thick copper plate was
embedded with two cylindrical resistance heaters; the heaters were tightly inserted into pre-drilled cylindrical holes to
ensure effective heat transfer from the heaters to the copper plate. The plate was then placed directly above the SAW device
and 16 thermocouples were distributed on the surface of the plate (4 cm�4 cm) to map its temperature profile (see Fig. 1
(b)). The resistance heaters were connected in parallel and powered by a DC voltage power supply. For each experiment, the
instantaneous temperature was recorded at a sampling rate of 1 Hz. The experiments were conducted in an enclosed
chamber in which the ambient temperature was maintained at 26.5 1C to ensure that the results were not affected by the
ambient conditions. Once the heated plate reached its initial steady-state temperature, both the temperature recording and
the SAW atomization were initiated. Each measurement was terminated once the final steady-state temperature was
reached, generally achieved in less than ten minutes.

A cooling enhancement ratio (CER) is employed to quantify the improvement in cooling in the presence of microdroplets
generated by SAWs. From Newton's law of cooling

_Q ¼ hAðTs�T1Þ; ð2Þ

in which _Q is the heat transfer rate, the convective heat transfer coefficient can be expressed as h¼ q00=ðTs�T1Þ, where
q00 ¼ _Q =A is the heat flux, Ts is the surface temperature of the plate and T1 is the ambient temperature. The heat flux can be
approximated as q00 ¼ VI=A, where V is the applied voltage, I is the current, and A is the surface area of the heater. The cooling
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Fig. 2. (a) Schematic illustration of the SAW atomization process from a thin fluid meniscus that forms at the edge of the paper strip. Note that while the
SAW is traveling from left-to-right, the liquid thin film spreads from right to left (Rezk et al., 2012); the sketch is not to scale. (b) Sequential experimental
images showing atomization using f SAW ¼ 29:5 MHz SAW amplitude modulated at fm ¼ 1000 Hz: (i) formation of the thin liquid film at the tip of the paper
strip, (ii) onset of atomization in which the film breaks up to form, (iii–v) a plume of tiny droplets that are ejected upward away from the device. (vi) and
(vii) The process is repeated as fluid is drawn from the paper by the SAW to maintain the thin fluid meniscus as it atomizes. Based on the images recorded
at 10,000 frames per second, one complete process takes approximately 1 ms (i.e., 1 kHz), which is identical to the modulation frequency.
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enhancement ratio is then defined as the ratio of the heat transfer coefficient when cooling is aided by the SAW, hSAW, to the
coefficient in the absence of SAW cooling, h0, i.e., CER¼ hSAW=h0. Since the power input to the heater is kept constant in each
experiment, i.e., q00 is constant, it then follows that

CER� hSAW
h0

¼ T0�T0;1
TSAW�TSAW;1

; ð3Þ

where T0 is the steady-state temperature of the plate and T0;1 is the ambient temperature in the absence of SAW cooling,
whereas TSAW and TSAW;1 are their counterparts when SAW cooling is applied. The performance of the SAW cooling can
therefore be evaluated from the CER: the larger its value, the more effective the cooling. In the sections to follow, we
examine (i) the effectiveness in the cooling with the SAW microdroplets, (ii) further cooling enhancement through the use
of nanoparticle suspensions, and (iii) the possibility of targeted local cooling with the use of a tapered IDT.

2.1. Cooling enhancement with SAW atomized microdroplets

To study the basic parameters that underpin the nozzleless spray cooling process using SAW atomization, we employ
deionised water as the test fluid given its high thermal capacity and atomization ease via SAW. We first explore variations in
the atomization rate _m—achieved here by altering the amplitude modulation frequency (within the range fm ¼ 1–15 kHz)—
which we expect to have a direct impact on the cooling rate given higher deposition rates of the droplets on the surface with
increases in the atomization rate. In addition, we explore the effect of different initial surface temperatures of the heated
plate Ts by varying the input power to the heaters, the effect of the separation distance between the SAW device and the
heated surface Hgap (since it is expected that the deposition of the atomized droplets depends on this parameter), and the
position of the SAW device. The latter aspect is examined since the heated surface can give rise to airflow circulation
adjacent to the surface due to natural convection; it is then possible to maximize droplet deposition on the surface through
strategic positioning of the SAW device with respect to the convective flow.

2.2. Cooling enhancement with SAW atomized nanoparticle suspensions

There have been a number of studies to date reporting significant improvement in heat transfer through the addition of
sub-100-nm particles to the coolant (Fedele et al., 2012; Heris et al., 2006; Özerinç et al., 2010), the thermal conductivity and
convective heat transfer coefficient increasing significantly with an increase in the nanoparticle concentration. Nanoparticle
suspensions replaced the DI water as the atomization fluid with five different weight ratios—1%, 2%, 3%, 5% and 10%—of
copper (II) oxide (CuO) nanoparticles (Sigma-Aldrich, Malaysia) with diameters below 100 nm in deionised water were
prepared by ultrasonication (Q700, Qsonica, Newton, USA). The viscosity μ and the surface tension γ of the suspensions were
characterized prior to each experiment, in which the suspension of known concentration was drawn through the paper
strips onto the SAW substrate and subsequently atomized when the input power to the device was applied. Microscopic
images of the surface of the heated plate were then examined to quantify the deposition rate of the nanoparticles on its
surface; briefly, the images were rendered in grayscale and the pixel intensities were analyzed using MATLAB (MathWorks
Inc., USA). In addition to using prepared nanoparticle suspensions, we also examined the possibility of using the SAW to
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disperse the raw, agglomerated nanoparticles as supplied in solution, eliminating the labor-intensive and expensive
ultrasonication process. In this case, a known quantity of nanoparticles in dry powder form was first deposited on the SAW
substrate immediately adjacent to the channel outlet defined by the edges of the paper strips. On activating the SAW, the
working fluid was then drawn out from the paper strips, drawing up and dispersing the nanoparticles in the solution prior
to atomization—hence circumventing difficulties due to a reduction in the heat transfer rate as a consequence of particle
agglomeration and sedimentation.

2.3. Tapered transducers

The final part of the study involved a demonstration of the concept of locally targeted cooling at specific locations along a
single spatial dimension through the use of the tapered IDT structure (Wu & Chang, 2005) which possesses a linear change
width and spacing along the IDT's width, as depicted in Fig. 3(b) and in place of the focused IDTs of the previous
experiments. In contrast to the generation of SAWs with a single frequency (here, f SAW ¼ 29:5 MHz) using the focused IDT
structure (Fig. 3(a)), tapered IDTs possess a broad frequency band (here, the f SAW band ranges between 19 and 30 MHz).
By using different operating frequencies for the signal input to the IDTs, it is then possible to confine the propagation of the
SAW to a local region corresponding to the locationwhere the applied frequency is equal to the resonant frequency specified
by the width and the gap of the transducer at that location; the width of the SAW that is generated is approximately
commensurate with the SAW wavelength—of 100 μm order. This ability to choose the specific location of the SAW and
hence the position from which atomization ensues, with 100 μm order precision and simply by varying the excitation
frequency, offers a powerful means to rapidly and locally target a specific location for enhanced cooling. We note that this is
however achieved with a reduction in the atomizer efficiency; unlike the unidirectional SPUDT, the SAWgenerated using the
tapered IDTs is bidirectional, generating SAWs that travel both in the forward and backward directions. In this case of the
tapered IDTs, the modulation frequency fm is fixed at 1 kHz.

3. Results and discussion

3.1. Cooling enhancement with SAW atomized microdroplets

3.1.1. Atomization rate
Figure 4(a) reports the CER at different atomization rates, controlled by altering the modulation frequency fm while

maintaining the same initial temperature of 101 1C across the experiments: atomization rates of 44.03, 37.17, 32.69 and
29.03 ml/h were obtained with fm ¼ 1, 5, 10, and 15 kHz, respectively, from which we observe a corresponding linear
response in the mean CER values of 1.34, 1.25, 1.21 and 1.16. The relation CER� _m then implies that hSAW � _m from Eq. (3).
Recalling the heat required to vaporize a droplet from Eq. (1), the total heat removal rate from the heated surface as a
consequence of all droplets deposited on the surface is then

∑ _Q ¼ _mðcpΔTþhfgÞ; ð4Þ
assuming that all droplets generated through the SAW atomization reach the surface. If it can be further assumed that the
cooling is predominately due to the presence of the microdroplets, combining Eqs. (2) and (4) then yields the linear
hSAW � _m relationship observed in Fig. 4(a). Extrapolating the relationship, we expect the cooling efficiency to gradually
decrease to approach the limit based on natural convection as the atomization rate reduces to less than 15 ml/h.
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3.1.2. Initial surface temperature of the heated plate
Figure 4(b) indicates the enhancement in the cooling as reflected by the increase in CER values as the initial surface

temperatures of the heated plate Ts are increased, achieved by increasing the input power to the heater while maintaining
the same atomization rate by keeping the modulation frequency constant at 1 kHz. Given that the ambient temperature T1
is held constant, the increase in Ts corresponds to an increase in the temperature difference Ts�T1, thus suggesting that
CER� Ts. Assuming that _Q and A constant, Eq. (2) however yields h� 1=ðTs�T1Þ, therefore suggesting that larger values of
Ts and hence the temperature difference lead to a reduction in h and hence a lower cooling rate. Nevertheless, we note that
the heat transfer coefficient in the absence of the microdroplets h0 reduces at faster rate than the same coefficient when
microdroplets are employed hSAW, underwriting the increasing CER values for higher surface temperatures Ts. We also note
from extrapolating the result in Fig. 4(b) that the use of microdroplets to enhance cooling is no longer effective when the
surface temperature of the heated plate drops below approximately 60 1C.
3.1.3. Separation gap
We next explored the effect of five different gaps, 1.5, 2, 2.5, 3 and 4 cm, on the cooling enhancement that can be

obtained with the SAW; here, both modulation frequency and the initial temperature of the heated plate were maintained at
1 kHz and 101 1C, respectively. Figure 4(c) shows an inversely proportional relationship between the CER and the separation
distance, i.e., CER�H�1

gap. The drop in the cooling enhancement due to increasing separation distance can be attributed to an
increasing proportion of droplets failing to deposit on the surface of the heated plate. While the droplets are ejected at
velocities on the order of 1 m/s (Qi et al., 2008) due to the high substrate acceleration on the order of 107 m/s2 as the SAW
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traverses it; the air drag typically retards the droplet momentum in-flight such that an increasingly large number of droplets
fail to reach the surface as the separation distance increases. Therefore, the atomized droplet is experiencing a deceleration
while moving from the surface of the SAW device to the surface of the copper plate. For a simple linear motion of a droplet,
one can express the motion using the following relationship:

u2
2 ¼ u2

1�2apðx2�x1Þ; ð5Þ
where u2 is the droplet velocity adjacent to the SAW, u1 is the droplet velocity adjacent to the copper plate, ap is the
deceleration of the droplet, and x2�x1 �Hgap= cos θR is the distance traveled by the droplet, θR ¼ sin �1ðcf=cSAWÞ � 221 is
the Rayleigh angle, cf � 1490 m=s is the sound speed in the liquid and cSAW � 3990 m=s is the sound speed in the substrate.
Re-arranging Eq. (5) gives

ap ¼ cosθR

2

� �
u2
1�u2

2

Hgap
: ð6Þ

The equation above shows that the deceleration of the droplet is inversely proportional to the separation gap, i.e., ap �H�1
gap,

indicating the reduction in inertial force—F I �mpap, where mp is the mass of the droplet—as the droplet travels from the
SAW device to the copper plate. In any case, extrapolation of the result in Fig. 4(c) again shows that the use of droplets to
enhance cooling becomes negligible beyond a separation gap of 50 mm.

3.1.4. Position of the SAW device
When the surface temperature is higher than the ambient temperature, natural convection arising from the difference in

the air density produces a convection current and hence circulation flow adjacent to the plate. Close to the surface of the
heated plate, the droplet is therefore subjected to an additional drag due to this natural convection current, estimated to be
on the order of FD � μaRpup � 10�10–10�11 N, where μa � 10�5 kg=ms is the air viscosity, Rp � 10�5–10�6 m is the droplet
radius and up � 1 m=s its velocity. At separation distances when the droplet momentum is retarded sufficiently such that it
is comparable to the order of magnitude of this convective drag, i.e., when Hgap � 40 mm, it is possible that the droplets can
be seeded upstream of the circulation through judicious positioning of the SAW devices and hence the position of the
atomization plume such that the droplets are transported by the flow to the surface of the plate. This effect can be seen in
Fig. 5(a) wherein the device was positioned such that the atomized plume directed the droplets upstream of the circulation
Fig. 5. (a) Flow circulation cell adjacent to the heated plate surface generated due to natural convective currents, visualized through streaklines obtained
through injection of smoke particles. Positioning of the SAW device and hence the atomization plume allowed droplets to be seeded upstream of the flow
circulation (center of the heated plate) such that they are directed towards the surface of the plate; (i) stronger circulation on the left-hand-side, and
(ii) stronger circulation on the right-hand-side of the heated plate. (b) Corresponding CER values for both cases. Error bars indicate a 72 standard
deviation (95% confidence level) from the mean. A Student's t-test indicates that the difference in the CER values for both cases are statistically significant
given p¼ 0:019o0:05.
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Fig. 6. Cooling enhancement ratio for prepared nanoparticle suspensions with different nanoparticle mass concentrations: 1%, 2%, 3%, 5% and 10%. Also
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(po0:05). Similarly, the decrease in the CER as the suspension concentration is increased from 3% to 10% is also statistically significant (po0:05).

Table 2
Probability values from Student's t-test used to assess the significance of varying the nanoparticle suspension concentration on the CER. po0:05 denotes
statistical significance.

1% 2% 3% 5% 10% in situ

0% 0.001 0.003 0.005 0.0 0.002 0.002
1% – 0.007 0.021 0.003 0.008 0.030
2% – 0.149 0.534 0.007 0.003
3% – 0.112 0.009 0.003
5% – 0.0 0.008
10% – 0.641

Fig. 7. (a) Scanning electron microscopy (SEM) images showing (i) the powder of nanoparticles with diameter less than 100 nm prior to atomization and
deposition, and (ii) the deposited nanoparticles on the heated plate. (b) Time-dependent normalized mean pixel intensity Ip of the captured SEM images as
a measure of the nanoparticle coverage on the heated surface over time during the atomization: Ip¼1 refers to a bare surface without the presence of
nanoparticles and Ip¼0 refers to a surface completely covered with the nanoparticles. The dotted line was added to aid visualization. The insets show
images of the nanoparticles deposited on the heated surface after 1 and 7 min of spray via SAW atomization; the images were captured using optical
microscope with a �50 magnification.
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whose trajectory was visualized using smoke particles, leading to increased droplet deposition on the surface and hence an
improvement in the CER (Fig. 5(b)). Conversely, targeting the atomized droplets at the downstream end of the flow led to a
diversion of the droplets away from the surface of the plate, resulting in reduced CER values (Fig. 5(b)).

3.2. Cooling via SAW generated microdroplets with suspension of nanoparticles

CER values for different nanoparticle concentrations are given in Fig. 6 and Table 2 for constant modulation frequency
(1 kHz), initial plate surface temperature (101 1C) and separation distance (15 mm). We observe that an optimum
suspension mass concentration around 3% exists, where a CER value approximately 30% higher than that in the absence
of nanoparticles (i.e., DI water alone) was obtained. We thus note that cooling is enhanced initially as the nanoparticle
concentration is increased, consistent with that in previous studies (Fedele et al., 2012; Heris et al., 2006). This can be
attributed to a nanoparticle layer covering the surface of the heated plate when atomized nanoparticle-laden droplets
deposit on the surface and the liquid evaporates. Figure 7(a) shows images captured using field-emission scanning-electron-
microscopy (Hitachi SU8010) of (i) the raw nanoparticle powder with diameter below 100 nm and (ii) the nanoparticle
deposited on the heated surface after atomizing for 8 min; it can be seen that the deposited nanoparticles agglomerated to
form clusters of different sizes with typical 1 μm order length scales. Figure 7(b), reporting the normalized mean pixel
intensity Ip of the captured images as a function of time and quantifying the particle deposition and associated surface
coverage, shows an increase in the nanoparticle density. The nanoparticle clusters then result in an increase in the surface
area for heat transfer, therefore leading to an enhancement in the cooling, consistent with the findings reported by
Table 3
Physical properties of the nanoparticle suspension in DI water as a function of the mass concentration. Δmax represents the percentage difference of the
physical property when the suspension concentration is varied between 1% and 10%. The last column tabulates the relative change in the atomized droplet
diameter as the property is varied; DRef refers to the reference diameter.

Concentr. (%) ρ (kg/m3) γ (N/m) μ (Ps s)

1 1008 0.205 0.000788 DRef

2 1017 0.219 0.000814 D�DRef

3 1026 0.236 0.000772 D�DRef

5 1044 0.263 0.001114 D� 0:8DRef

10 1092 0.312 0.001976 D� 0:5DRef

Δmax 8% 51% 150%

12.011.210.49.68.8
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Fig. 8. Size distribution of the atomized droplets from solutions of (a) 3% and (b) 5% of nanoparticle concentration.
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Zhang et al. (2014) who found an improvement in the heat transfer for a spray cooled microstructured surface containing
10 μm features compared to smooth surfaces.

Beyond the optimum nanoparticle concentration, however, there is an observed decrease in the cooling efficiency with
further increases in the nanoparticle concentration. This can be attributed mainly to a change in the fluid properties—
density ρ, viscosity μ, and coefficient of surface tension γ—with the increasing nanoparticle concentration (see Table 3).
While both density and surface tension appear to increase linearly with the nanoparticle concentration, consistent with
reported findings (Khaleduzzaman et al., 2013) and therefore playing a relatively insignificant role, the increase in the
suspension viscosity appears, on the other hand, to be nonlinear and becomes increasingly significant above a concentration
of 3%—again consistent with reported findings (Fedele et al., 2012; Zhu et al., 2010). Such an increase in the viscosity could
lead to a considerable change in the atomized droplet size, which scales as Dp � γ1=3ρ2=3=μ (Collins et al., 2012). For constant
SAW frequency f SAW and substrate surface displacement amplitude ξ0 (a measure of the input power to the SAW device), the
relative change in the droplet diameter as a function of the change in the nanoparticle suspension concentration is given in
the last column in Table 3. This indicates the change in the atomized droplet diameter and hence its effect on the cooling
enhancement is insignificant for nanoparticle concentrations below 3%, but becomes increasingly significant beyond this
optimum concentration. To verify the relative change in the droplet diameter for solutions with different nanoparticle
concentrations, as shown in Table 3, two solutions with 3% and 5% of nanoparticle concentration were atomized and the
process was captured using a high speed camera (M310, Phantom, New Jersey, USA) equipped with a magnifying lens
(1-50486, Navitar, Rochester, USA). The droplet size is estimated using the recorded images. For the solution with 3%
nanoparticle concentration, the side distribution (95% confidence interval) is within 10:0–10:4 μm (see Fig. 8(a)) and the
mean diameter is 10:2 μm, whereas for the solution with 5% nanoparticle concentration, the size distribution (95%
confidence interval) is within 8:4–9:1 μm (see Fig. 8(b)) and the mean diameter is 8:7 μm. Therefore, the relative change in
the droplet diameter for the solutions with 3% and 5% nanoparticle concentration is D3% � 0:85D5%, which is very close to
the predicted result D3% � 0:8D5% (see Table 3).

For a constant atomization rate, however, we expect the cooling to improve with decreasing droplet dimension with
increasing nanoparticle concentration beyond 3%. That the contrary is observed therefore suggests that the rate of
atomization varies as the nanoparticle concentration is increased. We thus examine the atomization rate as a function of the
fluid physical properties by defining two dimensionless parameters, noting the importance of the thickness of the film
emanating from the edge of the paper strip Hf (Fig. 2) on the atomization process that was elucidated in previous
atomization studies (Collins et al., 2012; Qi et al., 2008): ½γ=ðρHfc2f Þ�1=2 and δv=Hf , where cf is the sound speed in the liquid
and δv � ½μ=ðρf SAWÞ�1=2 is the viscous boundary layer thickness (Friend & Yeo, 2011). The former represents the inverse of the
film Weber number, i.e., Wef � ρHfc2f =γ, capturing the ratio of the destabilizing acoustic inertial force to the stabilizing
capillary force acting on the thin film. The latter represents the relative distance over which viscous absorption of the
substrate oscillation influences the flow in the liquid film. The dependence of the atomization rate on these parameters is
demonstrated in Fig. 9, in which we find that _m � ðρHfc2f =γÞ1=2ðHf=δvÞ, fromwhich we note the expected inverse dependence
on the atomization rate with the surface tension _m � γ�1=2 and viscosity _m � μ�1=2—not unexpected given the increasing
difficulty in destabilizing the free surface with larger restoring capillary stresses and increasing viscous dissipation, the
latter due to a decrease in the inertial energy available to destabilize the free surface. The reduction in the CER with
increasing nanoparticle concentration beyond 3% in Fig. 6 can then be predominantly attributed to the suppression of the
atomization as a consequence of these factors. Interestingly, the above also suggests that the excitation frequency f SAW
needs to be increased to maintain the thickness of viscous boundary layer δv if the atomization rate is to be maintained at
higher nanoparticle concentrations (45%).

Sedimentation of the nanoparticles was nevertheless observed prior to atomization with the ultrasonically prepared
nanoparticle suspensions, resulting in changes in the concentration of the suspensions that were atomized. To minimis this,
and hence its effect on the atomized droplet diameter and the cooling enhancement, we experimented with in situ
dispersion and atomization of the nanoparticles through the paper strip (see Section 2.2). Figure 6 reports the CER values
Fig. 9. Relationship between the atomization rate _m and the dimensionless parameters representing the film Weber number Wef � ρHf c2f =γ and the
absorption depth ratio, δv=Hf . The solid line represents a least square fit (R2 ¼ 0:96) of the data and suggests that _m � ρðγμÞ�1=2.
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obtained with this process using a nanoparticle concentration of approximately 1.7%, showing it to be 10% higher than DI
water lacking nanoparticles but inferior to prepared 1% concentration nanoparticle suspensions. Despite the greater
nanoparticle concentration, the results were inferior, indicating the in situ deagglomeration was insufficient compared to
the prepared nanoparticle solutions. This is likely due to the fact the deagglomeration occurs over at most a matter of
minutes in situ but for hours with the prepared solutions.

3.3. Targeting cooling via slanted finger transducer

Given the demonstration of enhancing spray cooling with the SAW atomization, we now turn to briefly explore the
possibility of local targeted cooling with the use of the tapered IDTs shown in Fig. 3(b). To provide evidence of localization
without requiring repositioning of the SAW device, the 16 thermocouples were arranged into four groups depending on
their location such that excitation of the IDT at two different resonant frequencies, 19.5 and 28.5 MHz, resulted in the
generation of SAW aligned with groups G3 and G2, respectively, as illustrated in Fig. 10(a). With all other parameters held
constant, Fig. 10(b) and (c) indicates elevated values of the CER at G3 and at G2 when the excitation frequency is 19.5 and
28.5 MHz, respectively, providing evidence that targeted local cooling can be achieved by simply varying the excitation
frequency of the signal supplied to the SAW device. In addition, the method also allows simultaneous cooling of a few
locations by exciting the tapered transducer at the desired frequencies.

4. Conclusions

Efficient cooling is crucial to electronic devices of this era and the next, an issue that needs to be addressed if further
development of high performance microelectronic devices is to be achieved. In this work, we propose and demonstrate the
concept of rapid cooling via SAW atomization. The technique is similar to spray cooling, but uses SAW atomization instead to
generate the microdroplets, a major advantage being both the removal of the need for nozzles which are prone to clogging
and hence declining performance, and the ease of scaling down the device, therefore making them appropriate for use in
next generation electronic devices. In particular, our preliminary experimental results show that the cooling can be
optimized by increasing the atomization rate while reducing the separation distance between the SAW device and the heat
source. Judicious choice of the SAW device and hence the location of the atomization plume also allows one to exploit the
natural convective current that arises such that the atomized droplets can be deposited at specific locations on the surface to
be cooled. Further enhancement in the cooling was achieved by employing a nanoparticle suspension instead of a pure fluid,
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wherein the cooling enhancement ratio was observed to increase with higher nanoparticle concentrations up to an
optimum value beyond which a marked increase in the suspension viscosity resulted in different atomization rates and
hence droplet sizes that led to a deterioration in the cooling performance. Finally, the use of tapered IDTs which operate
over a range of resonant frequencies and shift the location of the propagating SAW across the substrate as a consequence,
altogether within a single transducer structure, was shown to enable local targeting of the cooling without repositioning the
SAW device, a very desirable feature for modern electronic devices.
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