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Controlled but explosive growth in vaporization rates is made feasible by ultrasonic acoustothermal
heating of the microlayers associated with microscale nucleating bubbles within the microstruc-
tured boiling surface/region of a millimeter-scale heat exchanger (HX). The HX is 5 cm long and
has a 1 cm x 5 mm rectangular cross section that uses saturated partial flow-boiling operations
of HFE-7000. Experiments use layers of woven copper mesh to form a microstructured boiling
surface/region and its nano/microscale amplitude ultrasonic (~1-6 MHz) and sonic (< 2 kHz,
typically) vibrations induced by a pair of very thin ultrasonic piezoelectric-transducers (termed
piezos) that are placed and actuated from outside the heat-sink. The ultrasonic frequencies are for
substructural microvibrations whereas the lower sonic frequencies are for suitable resonant struc-
tural microvibrations that assist in bubble removal and liquid filling processes. The flow and the
piezos’ actuation control allow an approximately 5-fold increase in heat transfer coefficient value,
going from about 9000 W/m?-°C associated with microstructured no-piezos cases to 50,000 W/
m?—°C at a representative heat flux of about 25 W/cm?. The partial boiling approach is enabled by
one inlet and two exit ports. Further, significant increases to current critical heat flux values (~70
W/cm?) are possible and are being reported elsewhere. The electrical energy consumed (in W) for
generating nano/micrometer amplitude vibrations is a small percentage (currently < 3%, eventu-
ally < 1% by design) of the total heat removed (in W), which is a heat removal rate of 125 W for
the case reported here.

KEY WORDS: enhanced microscale nucleate boiling, critical heat flux, enhanced
heat transfer coefficient, flow boiling, electronic cooling, direct-chip liquid cooling

1. INTRODUCTION

Significantly enhanced but steadied microlayer heating and vaporization rates into nucleating mi-
crobubbles within the heated and microstructured boiling region of a millimeter scale hydraulic
diameter heat-exchanger (HX) is made possible by imposing ultrasonic (1-8 MHz) vibrations.
Microlayers are discussed by Kunkelmann et al. (2012), Zou et al. (2015, 2016, 2018), and Sch-
weikert et al. (2019). The focus of experiments in Fig. 1 is to use enhanced vaporization rates for
enhanced nucleate pool boiling (ENB) caused by acoustothermal microlayer heating associated
with a nucleating bubble on a substrate that is vibrating at ultrasonic frequencies (fp) (Fig. 2)
imposed by the active piezos in Fig. 1. For the HX in Fig. 1, the superheated substrate area (Aexp)
exposed to the boiling/nucleating fluid is formed by a specific type of woven meshed-wire mi-
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NOMENCLATURE

t Time (s) A, Fluid exposed area of the

V. Piezo excitation voltage DC microstructured boiling region
V) (m*)

Atoy Time over which piezo’s f, was expaciive A1 elemental area of A where
ON (s) micronucleation occurs (m?)

Atopp Time over which piezo’s f, was expeactive The small fraction of Aexp where
OFF (s) nucleate boiling occurs

Atpi.,  Time for one ultrasonic cycle of  f, Modulation frequency,

) piezo (s) [Atox + Atore] ™!

M, Coriolis meter measurements D, Diameter of microstructured
(kg/min),i=1to 3 mesh wire

Tr Top mesh temperature (°C) H, Height of microstructured mesh

Ty Average temperature at test w, Gap between microstructured
section bottom (°C) wired mesh

P, Test-section vapor port pressure ~ HTC Average heat transfer coefficient
(in kPa) (W/m>-°C)

T ;ﬁ;ggﬁg Z)a(lj’)"r port Gowr  Critical heat flux (CHF) (W/em?)

f, Piezos resonance frequency ATy Driving temperature difference
(Al‘PiezD)_1 (OC)

A Heated area at the bottom of the ~ Ag Characteristic liquid passage
test section (m?) gap-height (um)

crostructuring (Figs. 1 and 3). A tiny portion of this exposed area, A__, which is active (6Aexpiact)
and sees bubble formation and dislodging motions, with or without ultrasonic heating of the mi-
crolayer, are areas around active points P indicated in Fig. 2(a) and 2(b). The ultrasonic vibrations
of the individual wires (called a substructure of the bonded sheets of woven mesh forming the
microstructured region) are induced by activating one or both ultrasonic piezos that are bonded
to the outside HX walls (Fig. 1).

Preliminary 3D laser vibrometry experimental results (Fig. 4) confirm the presence of nano-
to-micro-m amplitude ultrasonic vibrations over the entire meshed boiling region (Figs. 1 and
3a). The lower sonic frequencies fy; (< 10 kHz), superposed as amplitude modulations of the
driving ultrasonic signals (Fig. 1c), are used to induce resonant structural microvibrations (i.e., of
the mounted test section along with the entire HX in Fig. 1) at one of the natural vibration modes
(identified in Fig. 5 by a chirp-excitation modal analysis). Consequently, the mechanical power
needed for sustaining sonic f,, vibrations is small and of low amplitudes. Also, the electrical
power consumed by the R-famp (Fig. 1) associated with these frequencies fy is minuscule (a fac-
tor of about 10 of the piezos power associated with the frequencies fp). Furthermore, the piezos
consume a small amount of power to excite the crystal vibrations at fp because of smart and
efficient R-f amp operations at an antiresonance fp value as identified by an in situ impedance-
frequency characterization of the electromechanical coupling in Fig. 1 (see APC International,
2002). The resonant micron-scale structural microvibrations’ amplitudes can be measured from
accelerometers. Amplitudes associated with both structural and substructural microvibrations
can also be measured (off the flow-loop) by the same 3D laser vibrometer used for the results in
Fig. 4.
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FIG. 1: (a) A representation of piezos and a single minichannel (SC) with a sample depiction of the 3D
microstructuring of the boiling surface and piezos placement outside the channel. Here four sheets of wo-
ven copper are diffusion bonded to each other and to the plain copper surface at the channel bottom. (b)
A representative pair of woven copper sheets can be diffusion bonded together at different offsets p_and
P, respectively, in the x and y directions. The two sheets come into contact, with p, = 0, at contact points
or contact lines, which depend on p_and D, values (here wavy wires’ centerlines peak-to-peak distance is
A = 500 um, and the wavy wires’ centerlines peak-to-peak amplitude equals wire diameter D = 114 pm).
(c) The voltage signal output from the signal generator is a square wave signal with an ultrasonic high-
frequency fp =[(Atpieso )] = 1-5 MHz superposed with a low-frequency square wave amplitude modulation
(doubling the original ultrasonic square-wave amplitude) frequency fy = [(Atoy + Atops)] (typically < 10
kHz). The fp value is chosen to be at the antiresonance frequency of the piezo. (d) The ultrasonic f, frequen-
cies typically excite 3-3 mode thickness vibrations and sonic fy; mode typically excites both 1-1 (extension-
contraction) and 3-1 bending mode) vibrations of the piezos.

11— Changes in
length

The fact that the substructural vibrations (Fig. 4) at ultrasonic frequency fp induce acous-
tothermal heating of the microlayers, as indicated in Fig. 2, is deduced and discussed in the thin
film evaporation studies of Pillai et al. (2018) and Datta et al. (2021). With the help of other
mechanisms discussed later, the sonic microvibrations fy; assist in creating suitable hydrody-
namics for bubble removal and liquid-filling processes within the nucleate-boiling region of the
stagnant fluid trapped in the microstructure of Fig. 3. For chip-cooling applications, flow-boiling
of Novec 3M Engineered fluids (HFE-7000 in completed experiments and Novec 646 in ongoing
experiments) in this HX study are meant to advance current liquid-cooling approaches in prac-
tice (Rangarajan et al., 2023). For this mm-scale HX and the associated macroscale flow-loop,
steady flows (over time scales > 0.1 s) are realized by suppressing various HX [e.g., critical heat
flux (CHF); Carey et al., 2018; Faghri and Zhang, 2006; Qu and Mudawar, 2003; Tamvada et
al., 2021; Liu et al., 2022] and system-level instabilities (Chiapero et al., 2012; Maulbetsch and
Griffith, 1966; Kakac et al., 2008; Bhatt and Wedekind, 1980).
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FIG. 2: (a) The microlayer of a randomly selected nucleating bubble at an active substrate location P (also
see Fig. 3a) over its advancing/receding duration carries 80-90% of the total heat removed by the bubble
(Kunkelmann et al., 2012; Schweikert, et al., 2019; Kim, 2009). (b) Significant enhancement of vaporiza-
tion rates into the same bubble, as indicated by the larger micro layer to bubble arrow, is likely due to the
substrate’s ultrasonic vibrations (indicated by white cross arrows) that acoustothermally heat the microlayers.
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FIG. 3: (a) An x—z cross section of a specific 4-layered mesh (defined later), indicated in Fig. 1a—1b, used
here. Of the 5 cm % 1 cm mesh covering the bottom surface (x—y plane), the cross section shown is of a
M500 pm) x A x 662 um 3D region. Here A is the indicated wavelength of the wires center line, and H =
662 um is the maximum height of the micro structure. (b) Depiction of the A x A X 662 pm simply connected
3D fluid-filled region with copper wires shown as holes. (c) Cut sections at representative z-locations (of
certain thicknesses) of the 3D region showing the copper and the fluid.

Among other applications, the approach described here is likely to enable next-generation chip
cooling in servers, racks, and data centers (Narumanchi et al., 2012; Waye et al., 2014). This could
potentially upgrade existing liquid cooling (Rangarajan et al., 2023; DCLC & D2C Liquid Cooling
Technology Vendors, n.d.) or ENB approaches (ZutaCorp, n.d.). This is possible because the clean
and closed flow-loop approach described here has met, or is on the way to meeting, the following list
of criteria that must be concurrently met. (1) The fluid used should have a global warming potential
of around one and ozone depletion potential of nearly zero, be electronics-friendly, and preferably
have a boiling point of around 40—-50°C near atmospheric pressures. A dielectric fluid, 3M Inc.’s En-
gineered Fluid Novec 649 (similar to Novec HFE-7000 used here), or comparable fluids, meet these
environmental criteria. (2) The boiling-surface/region microstructuring should use materials that are
thermally conducting and deploy patterning that is manufacturable, scalable, durable, and economi-
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Measurable ultrasonic
vibrationsare induced

FIG. 4: Preliminary experiments conducted at Polytec, 3D lab for copper mesh in Fig. 1 support the conclu-
sion that substructural ultrasonic vibrations (nm/um amplitudes and frequencies in the 1-8 MHz range) are
measurable with the help of 3D Laser Vibrometry from Polytec 3D. Each mesh wire’s motion, indicated by
wires’ instantaneous positions at time instants t, and t, (the wire widths are the same though they look differ-
ent at the two instants because of camera effects), is due to the piezos’ ultrasonic excitation. More complete
characterizations of the entire stack of wires in Fig. 3(a) are part of the ongoing project.

(b)

FIG. 5: (a) The natural presence of the structural microvibrations is ascertained as shown by chirp-exci-
tation—based modal analysis. Depending on the imposed modulation frequency f|, in Fig. 1(c), one of the
different mode shapes (as ascertained in part b of the figure) will be in resonance and emphasized. The
vertical axis in the figure indicates a higher degree of correlation with the mode shapes (taller blocks) along
the diagonal of the frequencies shown in the horizontal plane of this figure. Off-diagonal mode shapes are
not relevant. (b) A set of triaxial accelerometers are located at different points (indicated by dots in the
figure) at the bottom of the test section HX. The measurements are taken after mounting/embedding the
test section assembly in the flow loop. These measurements yield the results in (a). This sample mode #4’s
instantaneous configuration is shown here and it exhibits a predominantly up-and-down transverse motion
associated with frequency f, ~7 kHz along the diagonal.
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cally feasible. (3) Active enhancement should lead to high heat transfer coefficient (HTC) values
(~40-60,000 W/m?—°C or more) available for a range of heat fluxes (10150 W/cm? or more) of
interest, with CHF greater than 150-200 W/cm? or more. (4) The approach should allow high power
density (~50 MW/m? or more) for a small volume (~10 cm? or less) of the millimeter-scale HX under
reliable electronic packaging. (5) The HX pressure drop and pumping power requirements should be
small and within acceptable limits. (6) The HX design should also allow waste heat recovery, energy
efficiency, and economic advantages, preferably under doable modifications of existing approaches
(e.g., for data centers, at server, rack, and data center power supply levels).

1.1 Brief Literature Review

Relevant flow-boiling literature is vast and is briefly categorized here. Existing knowledge and in-
vestigations for traditional flow-boiling operations involving all liquid flow at the inlet and nearly
all vapor flow at the exit that utilizes micrometer-to-millimeter—scale hydraulic diameter channels
have not yielded sufficient heat-flux capabilities for acceptable steady operations that meet the needs
of closed-loop operations for cooling of high power density electronics in emerging technologies
(Carey, 2018; Faghri and Zhang, 2006; Kandlikar, 1990; Kenning et al., 1989; Chen, 1966; Chen
and Jebson, 1997). At desired high heat fluxes for dielectric fluids, these traditional operations (with
or without microstructuring) yield unacceptable performances. Examples of unacceptable perfor-
mances for electronics-friendly engineered fluids are large pressure drops (Kim et al., 2013; Lee and
Mudawar, 2005; Wu and Chen, 2003; Qu and Mudawar, 2003), low HTCs such as 5000—15000 W/
m?-°C, and CHF values less than 50-60 W/cm? (Tamvada et al., 2021). Other performance problems
to be avoided are instabilities due to causes outside the heat sink at the system level (Bhatt and We-
dekind, 1980; Zhang et al., 2006; Weisman and Pei, 1983; Hewitt, 1978). Instabilities at the HX level
such as CHF instability in passive approaches (Qu and Mudawar, 2004; Zhang et al., 2006; Weisman
and Pei, 1983; Hewitt, 1978; Tamvada et al., 2021) or in the active enhancement approaches (e.g., in
the electrical power drive indicated in Fig. 1a or in Bozink et al., 2017) also need to be suppressed
or delayed to achieve good HX performance. The causes of system-level instability (Chiapero et al.,
2012; Maulbetsch and Griffith, 1966; Kakac et al., 2008; Bhatt and Wedekind, 1980) when an HX
is put in a closed flow loop may vary depending on the nature of the external system. Some well-
known causes are (1) performance problems due to cavitation (Zhou et al., 2014; Cheesewright et
al., 2000) within the devices (gear pumps and Coriolis meters) or just upstream of their inlets, (2)
the external system’s pressure drop requirements vis-a-vis capability of the pumps used and valve-
adjusted flow resistances that are available (especially in the liquid lines), (3) type of flow control
used and condenser sections’ heat removal rate capabilities that also have a bearing on whether or not
condenser instabilities can be suppressed, and so on. For the system and the flow control used in this
paper, all relevant instabilities have been suppressed or delayed (Pandya et al., 2023a,b). For flow/
pool-boiling, enhanced heat removal performance has been vigorously investigated (with a greater
focus on pool-boiling) by employing different types of microstructured surfaces (Chu et al., 2013;
Wen et al., 2017, 2018; Thiagarajan et al., 2015); some have also investigated active piezos-induced
enhancement approaches (Heffington and Glezer, 2004; Swarnkar and Lakhera, 2021; Douglas et
al, 2012; Shariff, 2011) with a primary focus on acoustic/ultrasonic dislodging of nucleating bubbles
in ways different than the substrate vibrations used and described here (Fig. 2) where the focus is
both on additional vaporization into nucleating bubbles within a micro-structured region as well as
enhanced bubble removal and liquid refilling processes.

2. MOTIVATION AND BACKGROUND KNOWLEDGE FOR A NEW
EXPERIMENTAL APPROACH

The potential success of concurrent impositions of ultrasonic and sonic microvibrations on
the substrate forming the boiling surface is hypothesized and experimentally demonstrated
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here. The hypothesis is also supported by molecular dynamic simulations-based results with
scaled-up continuum-level interpretations concerning enhanced thin film evaporations under
acoustothermal heating (Pillai et al., 2018; Datta et al., 2021), but for the first time applied here
to dynamic nucleating bubbles’ microlayers. These simulations suggest that mesh-wire vibra-
tions associated with ultrasonic excitations will likely lead to heating of the microlayers of the
nucleating bubbles (Fig. 2) whose departure diameters are much less than the characteristic
fluid-filled gap size of the microstructure (Fig. 3), defined as A, which equals the ratio of fluid
volume filled in the microstructure to the surface area, A__, of the meshed microstructure that
is exposed to the fluid (therefore, in Fig. 3, Ap ~48 pm) ThlS microlayer heating (Fig. 2) is
poss1ble because, as Pillai et al. (2018) suggest, the Stokes boundary layer thicknesses (A,

wavy ~ 0.9 pm for HFE-7000 at 5 MHz) associated with the substrate microvibrations, w1th1n
which viscous dissipation cannot be ignored, is of the order of magnitude of the microlayer
thicknesses because they have to be much less (~1/100th or less) than the fluid-filled gap
thickness Ar (~48 um) within which bubbles are formed and dislodged. This situation should
cause substrate’s ultrasonic vibrations to lead to acoustothermal heating (Pillai et al., 2018;
Datta et al., 2021) of the bubbles’ microlayers while still avoiding other unwanted phenom-
ena (such as nucleate boiling, film boiling, or cavitation phenomena within the microlayer in
Fig. 2) associated with too much vibratory heating. Such unwanted phenomena are avoided
because a certain nondimensional parameter, defined as A* in Pillai et al. (2018), is kept small.
This parameter is dependent on the frequency and amplitude of the ultrasonic vibrations along
with fluid properties (such as its molecular weight and temperature, which measure thermal
agitation; and fluid viscosity and density, which affect viscous damping) and its smallness cri-
terion defines when a certain combination of the amplitude and frequencies of the ultrasonic
vibrations are low enough to cause evaporations only at the liquid—vapor interface of the mi-
crolayer in Fig. 2. Analogous continuum scale enhanced evaporation (into the atmosphere) of
microdroplets of liquid in fabric fibers, subjected to piezos-induced ultrasonic vibrations, have
earlier been experimentally observed (Peng et al., 2017) and attributed, by molecular dynamic
simulations (Pillai et al., 2018), to the very same acoustothermal heating.

The preliminary 3D laser vibrometry experiments for the mesh in Fig. 1 are performed by
Polytec, Inc. in its lab using its MSA-100-3D vibrometer; results are shown in Fig. 4. It shows
that the ultrasonic 3-3 vibrations (Fig. 1d) induce substructural vibrations of the mesh wires, and
their amplitudes rise with increasing electric power supplied by the drivers. Experimental results
for the actual meshed test section and the various frequencies and amplitudes of the mesh wires
are not central to the paper but are planned through follow-up experiments.

Preliminary experimental results in Fig. 5, using the chirp-excitation method (Schwarz and
Richardson, 1999) and placement of accelerometers on the bottom of the test section in Fig. 1(a),
support the fact that low-frequency sonic vibrations, when imposed at ever-so-low power levels
through the piezos driving arrangement in Fig. 1, will lead to resonant structural vibrations (very
low amplitudes) of mode shapes consistent with the energy available at the chosen f; value in the
10-10,000 Hz range. This range of sonic structural vibration can provide Bjerknes forces (see
Boziuk et al., 2017) to be in resonance with frequencies associated with bubble formation and
dislodging time scales (Bigham et al., 2018).

3. EXPERIMENTS

3.1 Experimental Approach

The flow boiling experiments involving HFE-7000 use the test section shown in Fig. 6. Re-
ported experimental results also relate, through nondimensional numbers defined in Narain et al.

(2018), to flow boiling of 3M Novec’s engineered fluids such as HFE-7000/Novec 649 (although
reported data here are only for HFE-7000). The nondimensional results are to be presented else-
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where (Pandya, 2023b). These experiments are used here to reconfirm realizations of earlier
reported high heat flux and highly efficient active/passive enhanced micronucleation flow-boiling
(Narain et al., 2022, 2023) in the novel and better instrumented single-channel HX arrangement
of Fig. 1. The HFE-7000 is boiled with the help of a single heating block made of copper (which
is heated by cartridge heaters with a sufficient rated capacity of supplying up to 1200 W of heat
to the test section). Figures 69 describe the setup. The well-defined microstructure and pore
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the center) with piezos mounted within the slots outside
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FIG. 9: An outline of a revised representative flow loop

sizes of single layers of mesh used here are by themselves Wenzel filling (Wen et al., 2017; Erbil
and Cansoy, 2009; Murakami et al., 2014). When bonded together, they form the microstructure
choices (Figs. 1 and 3) used here, and fluid filling and emptying operations in them are partially
enabled by the structural microvibrations discussed in Fig. 5 along with other flow physics is-
sues (pumps fluid for injection/suction, etc). The two hard PZT piezos (from APC, Inc.) in Fig.
1(a) are bonded semipermanently or permanently (see Pandya, 2023b) and then fired at high
ultrasonic crystal frequencies, f, and f,, (possible in 1-8 MHz, but ~5 MHz chosen here) at their

> 7Pl
nearby antiresonant frequency f,, values (see APC International, 2002) that account for excita-
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tion at energy efficient natural crystal frequencies in the context of Piezos’ electromechanical
coupling to the structure it vibrates with. In Fig. 10, f, . is 4.73 MHz, and the magnitude of the
impedance Z has a maximum value). At this frequency, the PZT has 3-3 thickness mode vibra-
tions that are dominant (Fig. 1d), and the electromechanical vibrations, as modeled by the PZT
electrical circuit (APC International, 2002) that the R-f amp in Fig. 1 sees, is quite efficient
(mostly reactive with a low resistive component of Z). The sample impedance-frequency char-
acterizations (Z-f) for PZ, in Fig. 1(a), as shown in Fig. 10, are obtained after mounting the test
section assembly in the flow loop of Fig. 9. Figure 10 results were obtained from an impedance
meter (Keysight Technology’s Model E4990A). The input signals out of the signal generator
(SIGLENT Technology’s SDG1032X) in Fig. 1(c) are amplitude-modulated (modulation index
of 1) square waves (preferred after testing other waveforms, including sinusoids) at modulation
frequencies of f, and f, (in 0-10 kHz range), respectively. The HFE-7000 vapor from the test
section’s predominantly vapor exit port (feeding into the line in Fig. 9 where APT1 is placed)
goes through curvy tubing with rope heaters that vaporize most of the entrained liquid droplets.
The subsequent onward flow of slightly superheated vapor in this line is steadily condensed us-
ing a water bath (a precondenser) followed by the two air-cooled condensers indicated in Fig.
9. A representative sight glass location placed right after the last of the condensers (see Fig. 9)
visually monitors and ensures that the flow further downstream is a single-phase liquid flow
(with monitored pressure-temperature conditions conducive to inhibiting cavitation at the Corio-
lis meter that measures Mc,). The predominantly liquid exit port of the test section sees purely
liquid flow, after it condenses any entrained vapor in the water bath, in the line leading to the
Coriolis meter (that measures Mc;) and the gear pump G,. Again, valve control with monitored
pressure-temperature conditions ensures no cavitation within or upstream of the Coriolis meter
Mg, and the gear pump G,. These two liquid streams are merged into a single liquid stream with
the help of the gear pump G, used to feed the liquid HFE-7000 into the test section inlet (Fig. 9)
at a desired mass flow rate set for the Coriolis meter M, that would leave a sufficient amount
of unvaporized liquid by the exit of the test section (for a given heat load supplied by the heater
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FIG. 10: The |Z|-f-0, curve for one representative piezo PZ, in Fig. 1, obtained by impedance meter
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block in Fig. 8). The gear pump G, in Fig. 9 is also used as a control to rapidly attain the natural
mass flow rates associated with the steady values of approximately separated liquid and vapor
flow rates (at the two exits of the test section in Fig. 6) that add up to the desired mass flow rate
Mg, at the test section inlet. The left side inventory control HFE-7000 reservoir shown in Fig. 9
is used when needed. It can store, at any instant, twice the quantity of the liquid flowing in the
flow loop. A controllable rope heater between pump G, and the test section is used to ensure that
the liquid HFE-7000 entering the test section is near the desired saturation temperature (though
slightly subcooled by 1-2°C) associated with the steady test section pressure.

3.2 Experimental Setup

The test section is machined into the center of a 5 cm x 5 cm % 1 em copper block (Fig. 7)
mounted on a heater block wrapped in insulation (Fig. 8) and deployed in a flow loop (Fig. 9)
with features that allow suitable measurements and flow control.

The piezos, as shown in Fig. 1(a), are mounted on the outside of the flow channel. This is
accomplished by carving out adjacent slots in the copper block (see Fig. 7). The flow channel’s
bottom surface for the test sections has an approximate 0.66 mm thick meshed surface [see Figs.
3(a) and 6] whereas the planar bottom and side walls of copper in Fig. 6 are, respectively, 1.13
mm and 1.2 mm thick.

3.2.1 Two Test Section Outlets for Approximate Phase Separation

The two test-section exit ports (Figs. 6 and 9) achieve approximate phase separation by virtue
of the design of resistance to the vapor flow through the liquid-filled pores of the microstructure
feeding into the liquid lines and negligible resistance to the vapor flow through the larger diam-
eter predominantly vapor exit ports (there are other features in the upcoming test sections that
further enhance CHF). The main feature and benefit of this approach is extremely low-pressure
drop (between the inlet and the exits of the test section), even for very high heat-flux operations
involving significant vapor volume flow rates. This is because nucleate boiling sets up transverse
pressure drops (from the microstructured boiling surface to the predominantly vapor exit port)
that the test section design is able to use for efficient management of vapor flows. Another advan-
tage of such designs is the potential of their efficacy (with minor changes) in multi-g or zero-g
environments.

3.2.2 Microstructuring

The meshed microstructure is obtained from diffusion bonding of four layers of a suitable woven
copper mesh (in this example, a square-shaped 100 mesh from TWP, Inc.) of dimensions reported
in the caption of Fig. 1: 100 copper wires per 2.54 cm (each wire is of 114 pm diameter and the
weave in a single layer along the z direction of Fig. 1b forms 140 um sided square holes between
a crossed pair of woven wires). The A x A x 4-layer block cross section in the x—z plane, with A at
500 pm, shown in Fig. 3(a) is created in Solidworks (and is approximately the same as the actual
geometry assessed under LEICA DVMG6 digital microscope). The distances p_ =~ A/4 = 127 um,
and p_ = M4 = 127 pm between layers 1 and 2 are arranged on top of the bottom boiling plate in
Fig. Zv(a), and they lead to a maximum height H, = 331.0 pm after the two layers have touched
each other and the bottom plate in the z-direction. The micro-structure has p _~ 0 pm, and p,~0
um between layers 2 and 3, and has p = A/4 =127 um, and p = M4 = 127 pm between layers 3
and 4. The total z-height of layers 2 and 3 is also 331.0 pm whereas the total maximum z-height
of the mesh is H, = 662 pm. For this specific microstructure, the total exposed-to-fluid heated
surface area A = 6.729 m?, fluid volume = 326.4 cm’, and characteristic fluid passage thickness
Ay at 48 pum. In earlier experiments (Narain et al., 2022, 2023), other mesh structures have also
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been successfully tested; after more tests, suitable qualitative and quantitative microstructural
choice recommendations are expected to be reported in forthcoming works.

3.2.3 Test-Section and Flow-Loop Instrumentation

The experiment here uses the flow loop in Fig. 9. The setup has a boiling test section, Coriolis
flow meters, absolute pressure transducers, temperature sensors, and cartridge heaters (embed-
ded in the heater block of Fig. 8) that provide the heat to the test section bottom (the surface of
50 mm length—containing points B1, B2 and B3 in Fig. 6), power meters for the cartridges, a
precondenser bath and two air-cooled condensers for the vapor line, a condenser water bath, a
predominantly liquid exit line of the test section, two gear pumps, a reservoir, copper tubing,
superheating or temperature-control rope heaters, and various other accessories/devices. Other
accessories include bonded piezos, piezo drivers, one-way valves, two-way valves, shut-valves,
filters, and so on, and signal/power inputs to certain devices as well as NI data acquisition
(DAQ) systems for acquiring crucial data through suitable DAQ systems. This data allows flow
control and quantitative analysis of heat transfer rates for this mini channel HX made of copper.

3.3 Experimental Procedure for Startup, Inventory, and Flow Control for Steady
State Operations

The flow-loop hardware in Fig. 9 has been strategically chosen, and the fluid chambers are grav-
ity-filled (could be pump-filled) with liquid from the reservoir before being partially emptied
with suitable inventory control (to the desired liquid volume and liquid temperature in the heat-
sink zone). Subsequent startup and control procedures are defined and tested for stable flow-
boiling realizations at high heat flux. These are described in Pandya et al. (2023a,b) and are
omitted here for brevity.

The flow loop in Fig. 9 is readied after using compressed air for leak tests, liquid filling,
and de-aeration (pressure-purging several times to make the L/V phases nearly free of air and
noncondensable gases) processes through suitable transient operations. The DAQ and flow
control lead to highly efficient and controlled flow-boiling with stable operations. Using gear
pump G, the steady-in-the-mean inlet mass flow rate M _;, = M¢, (all Coriolis meter readings
Mc,, Mc,, and Mc, in Fig. 9 are obtained in real time, and relevant steady-in-the-mean values are
obtained) is adjusted for a given heat load q, (in W) entering the test section over its boiling-
surface area A, until we achieve a desired inlet liquid flow rate M, that satisfies a certain condi-
tion, M, = M,,/X,, where X_ is typically a number in the 0.4-0.6 range. The minimum inlet mass
flow rate M; _, is termed M| _;, = qbs/hge, Which is a value that will get completely vaporized
for a given heat input in the test section. It also equals the total vapor mass flow rate out of the
two ports (one predominantly vapor and one predominantly liquid) under partial boiling condi-
tions for which we define exit vapor quality X, = M] _i.,/M; i, (see Pandya et al., 2023a). Here
Qvs =q", * Ay, Where average heat-flux q",, (W/m?) is the ratio of the heat added q,_ over the
boiling-surface area A, and hy, is the fluid’s heat of vaporization—in J/kg—at the test-section
pressure p, (measured by APT1 in Fig. 9). Partial flow-boiling operations are chosen with exit-
ing vapor flow-rate quality X_self-selected to be some subset (based on hardware constraints) in
the range of 0.4-0.6 (say X = 0.5) by running the incoming liquid line gear pump G, to satisfy
this suitable M¢, = M,,/X. > Mc,. Further, there are well-defined transient approaches that al-
low reaching a steady state near selected test-section pressure p,. Steady-state operations are
achieved in a small duration of time through the control of gear pump G, to achieve M, values
that actively attempt to satisfy the desired steady flow mass balance M, = M., + M,,, which is
verifiably satisfied after steady state is attained (accounting for subsequent vaporization of any
calculated/estimated liquid entrained rate in the exiting vapor line and/or vapor entrainment rate
condensed in the exiting liquid line).
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3.4 Piezos Power Consumption

It is vitally important to know the total dissipative (i.e., resistive) power P, (in W) used in driv-
ing the piezos for each run where the HX is removing a certain amount of heat q,  (in W) from
the heat source [here the heat source from which the heat enters HX along the line connecting
the resistance temperature detector (RTD) locations B,, B,, and B, in Fig. 6]. This is because, for
this active ENB cooling approach, the use of piezos must lead to a quantifiably small piezo-use
effectiveness parameter defined as

€pz = (1)

Currently, €p; <0.03 and ep; < 0.01 is expected soon. Such small values are made possible
(see the Appendix and APC International, 2002) by driving the piezos at their antiresonance
frequency f, ,, identified in Fig. 10 and its inset with the help of ‘Z‘—f curves obtained by an
impedance meter. Besides being able to obtain gp, through suitable measurements of voltage and
impedance associated with the piezos in Fig. 1, it is also important to obtain (see the appendix)
the power spectral density function, psd(f), to obtain the different amounts of piezos’ power used
in different frequency spectrum windows of interest (e.g., windows around the driving ultrasonic
frequency f, around substructural ultrasonic vibration frequencies where the wires actually vi-
brate as assessed by 3D laser vibrometry, and around the sonic modulation frequency f,, associ-
ated with the resonant structural vibrations).

3.5 Uncertainties

Standard uncertainty calculation procedures (Coleman et al., 1999; Moffat, 1985) for a measured
time-varying sensor variable v(t) are followed. Variable v(t)’s discretized values at times t, [as-
sume a 10 Hz DAQ sampling rate for most sensors, 10 Hz or 3000 Hz (planned) for APT-2 and
APT-4 in Fig. 9, and 125 MHz for V(1) in Fig. 1] with 1<i <N, over a suitable time interval,
is defined as v; = v(ti ) The steady-in-the-mean value of v, over this interval is denoted as v;. Fac-
tory and lab calibrations for thermocouples and pressure transducers (APTs) are conservatively
put in the fixed (Ug?ed) category defined below. The statistical uncertainty for each variable is
put in the uncertainty (U%f“"be) category defined below (the formula assumes a 68% confidence
level; Coleman et al., 1999). The uncertainties for the average of each variable are reported as

1/2

Us = (UB=) + (U’ &)

1

Ugix e = [(U?f“”y )2 + (U%éillibrated )2 JE 5

1
N 22
! (vi—¥)
Ugmablc —0. = o [2i1 (4)
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3.5.1 Heat Flux and Its Error Estimate

The average heat-flux q,, (W/cm?) over the boiling surface (of area A, ) was estimated from

—n l: \N2 :| _ {qwatt—meter[w]} - {qleakage[w]} (5)

w
cm Abs

where qyau-meter 18 total cartridge power measured by a watt meter and qieacage[ W] is the semiem-
pirical estimate of heat leakage from the heater block and the test section’s insulated outer sur-
faces (for details, see Pandya, 2023b). Other methods (based on two-phase energy balances for
the test section and associated piping sections) of estimating heat flux values and liquid/vapor
fractions in the predominantly liquid/vapor lines are discussed in Pandya (2023b). The uncertain-
ties Uy, = [i] [(Uqwm ) + (Ui )2} are readily estimated.

3.5.2 Driving Temperature Difference AT, and Its Error Estimate

Here the average driving temperature difference AT, [°C] is defined as
AT[°C) = Ty [°Cl~ T (p)[°C]

where

_ 1 Lbs
TB = Li TB (x).dx (6)

bs ¥0

The boiling surface temperature variations Tg(x) over 0 < x < L(5 cm) are obtained from
temperatures measured by RTDs at points By, B,, and B; (see Fig. 6) and curve-fitting. For
with-piezo subcooled cases, Ty, (pts) is replaced by an x-dependent far-field temperature Ty,
fetd (x); this is discussed in Section 5.1. For such subcooled cases discussed later in this paper,
ATy, =T (x ) — Trrsiea (). The uncertainty of ATy, in Eq. (6) is given by

1

U [°Cl = [( Uz )2 + (Ufar—ﬁeld(x) )2 F =(.7°C (7

3.5.3 Local Average HTC and Its Error Estimate

The relative uncertainty in average HTC (or HTC) estimates are based on estimated uncertainty
in qy, and calculated uncertainty in ATy. From the definition

J { W }

- w 2

HTC[ w }E om (8)
°C

it follows that
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2 5 1/2
S ORE
HTC aQ. ATp )

Because ATy decreases for with-piezo and with-mesh cases as piezos power is increased,
HTC values increase [see Eq. (8)], and therefore the uncertainty Uyrc [see Eq. (9) and section
5.1] also increases.

4. RESULTS

In this section, sample experimental results are reported in graphical and tabular forms for steady
partial flow boiling operations over the plane and meshed boiling surfaces (with or without actua-
tion of the piezos located outside the minichannel, as shown in Fig. 1). The estimated maximum
values of uncertainties associated with data in different columns of any table are reported in the
row below the column identifier headers. The sample results reported in Tables 1-4 are given
for steady values of flow variables of interest and different flow-boiling scenarios. The various
calculated variables of interest are described in subsections 3.5.1-3.5.3. They are calculated and
reported in Tables 1-4. In addition to these variables, the following calculated variables are also
assessed and discussed later in this paper.

1. CHF: The variable is discussed and its values are assessed.

2. Pumping power: Its magnitudes are assessed and discussed.

3. Resistive powers consumed by piezos: These are denoted as P, | values. Their calculation
procedures are discussed in the appendix and reported in Section 3.4.

4.1 Basic Results

These are for partial boiling cases where the inlet liquid mass flow rate ML w in Fig. 6 exceeds
the minimum mass flow rate ML _in = Qus/hg, that will completely vaporize it for a given heat input
and it also equals the total vapor mass flow rate out of the two ports (one is a predominantly vapor

TABLE 1: Results from representatlve no-piezos and with-mesh cases for different heat flux qf,

values; typically My —out Xy "M i
Test M, i, Ts P, T AT, q’ HTC M., |Mg

sat

run [kg/min] [°C] [kPa] [°C] [°C] [W/em?] [W/m?*°C] [kg/min]
+48% +13% +168% +16.8 +89% +12.6% +154% +2.9%

1 0.041 50.1 137 45.2 4.9 8.7 17610  0.021]0.02
2 0.060 55.1 138 45.4 9.7 12.7 13060  0.02]0.04
3 0.108 61.7 129 43.6 18.1 22.1 12220  0.06]0.09
4 0.124 66.1 132 443 21.8 26.5 12150  0.05]0.10
5 0.161 75.7 140 45.8 29.8 35.8 11990  0.030.12
6 0.205 85.9 151 48.1 37.8 44.7 11840  0.13]0.14
7 0.249 100 162 50.1 50.0 53.5 10710  0.15]0.14
8 0.282 137 166 50.9 86.2 63.0 7310 0.1710.17
9 0.321 169 175 524 116.7 73.1 6270 0.1810.16
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TABLE 4: Experimental runs for other regularity-check cases involving no-piezos. Test run
1 is from a no-mesh (plane channel) and two-phase boiling configuration. Test run 2 is for
a meshed test section for which a single-phase liquid flows in and out of the test section at
pressures well above saturation temperatures (the vapor line is closed and there is no boiling;
only liquid heating occurs). Test run 3 is from a mesh and two-phase boiling configuration.
TyplcaHY> MV—out ~ EML—in
Test My i Ts P, T, AT, q, HTC M., |Mg,
run [kg/min] [°C] [kPa] [°C] [°C] [W/em? [W/m?°C] [kg/min]
+4.8% +£13% =£168% =+16.8% =89% =£12.6% =£154% +2.9%

1 0.086 82.9 221 47.4 355 15.5 5620 0.0610.03
2 0.081 76.1 204 57.0 19.1 14.9 7840 0.0210.08
3 0.081 57.9 130 43.8 14.1 16.9 12020  0.020.06

exit port and the other is a predominantly liquid exit port). Thus exit vapor quality X, gets defined
as X, = M1 _iw/M|_in. The run cases considered in this paper have values of inlet mass flow rate
M, _;, and heat-flux qj, (into the test section) values that are marked by solid circles in Fig. 11.
All the data points along X, = 0.53 line in Fig. 12 have been investigated for no-piezos (meaning
piezos off) and with-mesh (meaning with microstructuring) cases in Table 1.

Mass Flow Rate vs Heat Flux Measurement Points
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FIG. 11: To ensure partial boiling, the inlet liquid mass flow rate is always kept above (about 2 times) the
minimum inlet liquid mass flow rate (the bottom line, X = 1) that corresponds to complete vaporization for

a given heat flux

Inlet Liquid Mass Flow Rate M;, [kg/min]
o

o

Journal of Enhanced Heat Transfer



Combined Active (Piezos) and Passive (Microstructuring) 63

Test Section Pressure Response Versus Time
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FIG. 12: The depicted test section pressure p, vs. time graphs are for cases at a heat flux of 25 W/cm?* and
modulation frequency of 200 Hz, with increasing voltage inputs V, from the signal generator. Pressure rises
last as long as the piezos are on

The fundamental results for with-piezo (meaning piezos on) cases, also reported many times
in earlier (less well-instrumented) proof of concept (PoC) experiments (Narain et al., 2022), are
shown in Fig. 12 and discussed extenswely in Section 5. Here the test section pressure p, (at APT-4
location in Fig. 9) rises when the piezos are turned on with sufficient amplitude (by ad]ustlng n-
creases in power P, ) and drop back to the original value when the piezos are turned off. A sample
result of this type is shown in Fig. 12. These with-piezos and with-mesh cases are reported in Table
2 (for increasing input signals’ voltage or total piezo power P,, , and fixed modulation frequency
f,,) and correspond to the run cases for heat-flux qy, 25— and noted as data points in the oval
zone of Fig. 11. The domain above the X =1 in Fig. 11 has only been partially investigated. This is
because M| _;, > ML_m has a second-order effect on micro nucleate building and bubble removal
(and liquid filing) rates within the micro structure, which are primary contributors to the HTC val-
ues. More data points are being investigated for cases that are marked by hollow circles in Fig. 11.

There are other with-piezos and with-mesh cases discussed in Table 3 (these are for fixed
total piezo power P, and variable modulation frequency f ). Table 4 presents some experimen-
tal runs for regularity checks and involves run cases involving other no-piezos cases discussed
in Section 5.

The data assembled in Tables 3 and 4 are all for heat fluxes at a value of approximately 25 W/cm?.

5. DISCUSSIONS OF KEY RESULTS

5.1 Piezo Enhanced Pressure Rise, Reductions in Driving Temperature
Difference, and Significant Enhancements in HTC

For an externally imposed heat flux value of approximately 25 W/cm? (Fig. 12), steady test sec-
tion pressure rises (p, measured by APT-4 in Fig. 9) are observed. In these runs, only one of the
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pair of piezos is fired (see Fig. 1) with square-wave signal-generator signals at ultrasonic high
frequencies of f, = 4.87 MHz and sonic modulation frequency of f,, =200 Hz. The rise in Fig.
12 is stronger for increasing input voltages (with associated increases in relevant piezos power
P,, . values), and the rise lasts only as long as the piezos are on (note that this kind of piezo, at
these low powers, lasts years, about 40,000 to 80,000 hours of operation). Figure 12 results are
similar to many others obtained by the Michigan Tech team (Narain et al., 2022). In earlier ex-
periments and some reported here, there is a higher pressure rise when both piezos are fired (that
study is not emphasized here).

The physics underlying the results in Fig. 12 is important because they show a significant
drop in the driving temperature differences AT, (see rows 1—4 in Table 2) and a consequent rise in
boiling efficiency as measured by the significant increase in the value of the average heat transfer
coefficient (HiTC) in Table 2. These HTC values are estimates as the with-piezos values here are
for subcooled boiling, discussed below.

Since T, = Ty (pts |Np) remains at saturation temperature originally associated with no-
piezos test section pressure py |wp, the temperature Te,_fieiq (x) in Fig. 13 increases with distance
(along the length of the boiling surface) to the higher saturation temperature associated with the
higher with-piezo pressure, ps |wp, measured at the predominantly vapor exit port of the test sec-
tion (side schematic in Fig. 13). B

As shown in Fig. 13, the with piezo average driving temperature difference ATy is sig-
nificantly reduced compared to the no piezo driving temperature difference ATY" (i.e. ATy " <<
ATD") . This is consistent with the values reported in Tables 1-3 for heat flux values & 25 W/
cm? — where greater errors are also reported for significantly reduced ATY" and significantly
increased with piezo HTC values.

The inlet temperature T, , can be reduced by flow control to bring the with piezo vapor exit pres-
sure p, |, and temperature T_ (p,|,,,) cases back to their no piezo values in a way that allows heat flux
input for the piezo cased to be reduced and values to be increased back to their no piezo cases — again

T.,T__,and AT_(x) across Heated Length
B’ sat D() J Tsat(Peslp) | Vapor

100 )] i
801 . 7 Trar—fieta®) # Tsar(Peslyp) _Liquid
- \?1\ B, Bs sat (@es|vp) —
* i
g ATHP
©
@ —¥— Tg(x)
g 40} =
2 Models of Tfgr_fiera (%) — o0 Tf’\r’fr’—ﬁeld x)
ATRP ()1
20 ) ATV PO Tfar-fiela (x) or ATp(x)
= S Model I
ATWP:]: ___________________
b & - - - ; g — ==+ Model Il
0 1 2 3 4 5

Distance x along length of A [cm]

FIG. 13: Schematic shows various temperature variations with distance x (along the length of heated area
A,). It shows (1) the bottom boiling temperature Ty (x), (2) saturation temperatures near the inlet and the
outlet that define Tg,_gea (x), and (3) the driving temperature difference ATy, (x) Since the calculated values
of driving temperature differences ATy (X) are modeled by the two models with piezo (WP) cases and one
model for the no piezo (NP) case, its variations along the length of the boiling surface, the estimated aver-
age driving temperature difference AT, = Ty (%)~ Tar-seta (x)» and the average heat transfer coefficient HTC
depend on the range of estimates for Tg,;_geg (X)-
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achieving increased HTC values for the with piezo cases. But such flow controls have no practical
value as most applications of interest involved fixed (or variable) externally imposed values of g,

In Figs. 13 and 14, the mean temperature 75 (bottom boiling surface) is computed using Eq.
(6) and Tg(x) variations shown in Fig. 14. Furthermore, the top two curves in Fig. 14 show that
the with-piezo acoustothermal heating cases (associated with 25 W/cm? heat flux) lead to slightly
higher temperatures Ty compared to the no-piezo cases. These are minor increases in T,(x) for
with-piezo cases which are consistent with section 5.1.1 discussions for Fig. 15. The T (x) in-
creases are associated with small ultrasonic heating P,  of the microstructure as shown in Fig. 15
(which heats the large thermal inertia copper and negligible thermal inertia fluid microlayers as-
sociated with microbubbles). This P,  heating takes place without affecting the heat flow gbs into
the bottom of the test section in Fig. 15. The significant reduction in with-piezo thermal resistance
value in Fig. 15(b) is consistent with row 4 of Table 2 or rows 3—5 of Table 3 where significant
lowering of ATy, values occur. This leads to significant increases in HTC = qi, /ATy values, from
around 9250 W/(m?-°C) for no-piezo cases to around 48,000 W/(m?-°C) for with-piezo cases.

5.1.1 Acoustothermal Heating, Mechanistic Understanding of Micronucleation within
and around the Microstructured Surfaces, and the Nonequilibrium Nature of
Phase-Change

Figure 15 presents a mechanistic view of the micronucleation processes for the specific micro-
structuring pattern (Fig. 3) used to enable the expected acoustothermal heating effects (Fig. 2)
indicated for a representative point P in Fig. 3(a).

Bottom Boiling Surface Temperatures
Mesh Pattern A

75
l—25.5 W/cm? With Piezo
I ! i
] No Piezo
70 J,‘f TL I :/
| | ]
I |
_ | : 25.5 W/cmz:
Sesh i : :
s | | '
hut ! e
] ! e 5 T I I Y l
meor ¢TE rtamity £021C | = :
— . i !
3 | ncertainity + : 17.1 W/cm?!
s | : |
L 55— | |
| : ’
. i i
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| ] ]
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o By 1 2 B, 3 4 B, 5
I——»X "x" along the length of Abs [cm]

FIG. 14: Bottom boiling surface temperature variations (7}, (x)) are nearly uniform. This is due to the PGS
sheet between the heater block and the heat sink 7,(x). It increases slightly with acoustothermal heating;
see the 25 W/cm? case.
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FIG. 15: (a) Passive micronucleation occurs within these types of mesh structures (based on the results of
Wen et al., 2017). The bubble numbers (lower pressure bubbles) and bubble-removal/liquid-filling rates
(white arrows) are self-selected and much smaller than those associated with ultrasonic-induced nonequi-
librium phase change indicated in the adjacent figure. (b) Lower-pressure micro-bubbles turn into higher-
pressure ones (indicated by darker bubbles) and a lot more vigorous bubble removal/liquid filling rates
(indicated by the larger up and down white arrows) that are induced with the help of structural resonance

associated with the imposed sonic frequencies.

As piezos at ultrasonic f, values are turned on, they lead to additional acoustothermal heat-
ing (same phenomena as for thin film evaporation discussed in Pillai et al., 2018; Datta et al.,
2021) of the microlayer (Fig. 2) associated with a microbubble nucleating at an active site near
the point P in Fig. 2 (the point P relates to any nucleation-active point P in Fig. 3a). The higher
evaporation rates associated with bubbles in Fig. 2(b) relative to Fig. 2(a) (the no-piezo case),
lead to higher pressures within the bubble. This fact is shown in Fig. 15 by marking lower-
pressure bubbles associated with no acoustothermal heating a lighter shade in Fig. 15(a) and
higher-pressure bubbles arising from acoustothermal heating (i.e., after piezos are turned on)
of the bubbles’ microlayers a different shade/color in Fig. 15(b). Besides acoustothermal heat-
ing, the bubbles in the narrow gaps of the microstructure (despite the Wenzell filling; see Erbil
and Cansoy, 2009; Murakami et al., 2014; nature of a single layer of the meshed region) in Fig.
15 require dislodging, removal through fluid emptying, and fluid refilling assistance for liquid
rewetting of the pores. Some such assistance is provided for by the special gear pump arrange-
ments (Fig. 9) for forced pushing and sucking at the special liquid inlet and outlet designed
to be very close to the microstructures (blue arrows in Fig. 6). For the no-piezos case in Fig.
15(a), such fluid motion assistance is limited and indicated by smaller transverse white arrows,
whereas it is more significant for with-piezos cases in Fig. 15(b). In Fig. 15(b), the bubble
dislodging/ liquid refilling phenomena are aided by the much-needed fluid motion induced by
the resonant structural vibrations associated with f (Fig. 5) where it is indicated by the larger
transverse white arrows.

In Fig. 12, the much higher pressures measured for the with-piezos cases at the vapor exit
port of Fig. 6 are a consequence of the much higher pressure in the dislodged bubbles of Fig.
15(b). These microbubbles exit the microstructured region, coalesce, then exit the test section,
and then condense at the vapor line condensers in Fig. 9. For both no-piezos and with-piezos
conditions in Figs. 6 and 15, the vapor space and vapor condensation rate (M _;, = Qus’he = Mg,)
in the condensers of Fig. 9 remain approximately the same (here vapor entrainment rates in the
liquid exit port of Fig. 6 are being ignored). Under these conditions, the higher vaporization
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rates associated with the with-piezos conditions of Fig. 15(b) lead to a new steadied and higher
number of vapor molecules in the vapor space (for a given piezos power P,,  at ultrasonic f, and
modulation frequency f,,), which manifests as higher pressures in Fig. 12 as long as piezos are
on (i.e., the nonequilibrium phase-change thermodynamics at the interface of negligible thermal
inertia heated microlayer conditions of Fig. 2b holds!). Given that the bottom boiling surface
temperature T and the heat flux qj, hardly change, while the driving temperature difference ATp
drops significantly and HTC increases significantly, the boiling efficiency as measured by the
thermal resistance between the bottom boiling surface and the test section exit ports is signifi-
cantly reduced (Fig. 15).

The results thus far require discussions on the role of the exposed surface area of the mi-
crostructure, modulation frequency f,,, piezo power P, , and the transit time t, of the vapor
between the microstructured surface in Fig. 6 and the condenser locations in Fig. 9, and the role
of nonequilibrium thermodynamics for this ENB phenomena.

Furthermore, since both CHF and HTC need to be increased, CHF issues also need to be
discussed (however, recent breakthroughs in the CHF increase approach are being modified in
the present context and are discussed elsewhere).

5.1.2 Role of the Fluid Exposed Surface Area Aexp and Modulation Frequency f,, on
ENB

Recall that in Section 2, the characteristic fluid-filled gap size of the microstructure (in Fig. 3)
was defined as A, and in subsection 3.2.2, the fluid-exposed surface area of the microstructured
region was defined as A, An active site in Figs. 2 and 3, with or without acoustothermal heat-
ing, is one with elemental area dA.,, ... Where a bubble goes through its complete bubble
ebullition cycle (Kunkelmann et al., 2012) of growth (with advancing and receding contact line
with the substrate) followed by departure (under suitable dislodging forces) and a dwell time as-
sociated with liquid rewetting before the nucleation cycle begins again. At such sites, for bubble
departure diameters in a small range of D, to Dy, +dDy, there is a nonzero number of nucleating
bubbles n"(Dy,)*dDy, per unit area of the boiling surface BA exp-aciive that have a frequency f,(Dy)
associated with the bubble ebullition cycle. Therefore, n” (Dy)* f, (D, ) represents a spectral den-
sity function for the number of bubbles/sec/BAeXp,acﬁve(cmz) per um/mm bubble-diameter differ-
ence dDy, in a way that n"(Dy) * f.(D, * dDy, represents number of bubbles/sec/SA cxy—active (cm?)
for bubble departure diameters in the range of D, to Dy, +dDs,. It is reasonable to assume here that
the order of magnitude of a sufficiently small 8A.,,_,.we can be defined as

O(SAexp—active) = AZF: (10)

where n" (Dy) * f, (Dy,) # 0. Since the entire fluid exposed area A, of the microstructure is quite
large (e.g., Aep = 6.73 m®, using the definitions in Figs. 3 and 6), only a fraction o—where 0 <
a <l—of A, determines the area A,_,«ive Where nucleate boiling heat transfer occurs. That is,
we can define

Aexp—active = Z {SAexp—active} =a- Aexp (1 1)

The area A,_yuive OF fraction o in Eq. (11) is significantly dependent on whether the piezos
are on or off; and when they are on, a becomes larger depending on the value of structural
resonant frequency f|, and associated energy, which controls the fluid filling and bubble ejection
phenomena (indicated by the size of the white up and down arrows in Fig. 15) through resonant
structural vibrations of suitable mode shapes.
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Furthermore, at any point P in Figs. 2 and 3, the local nucleation heat flux qp relates to the
total nucleation heat removal rate, qnuceation_nr through the relationship

14
Nucleation-HT = E {q P6Aexp—active}

(12)
"
= I qrp dAexp—aetive
Aexp active

Modehng departmg nucleatmg bubbles as spheres of diameter D,, the vaporized mass per
bubble is {p, -(nD})/6}, where p, is the vapor phase density. The heat removed per bubble is
(7tDb )/6 p. *hy, » where hg, is the latent heat of vaporlzatlon (J/kg in SI). With n"(Db )) *f.(Dy
* dD,, representing number of bubbles/s/SA ., ucive (cm ) for bubble departure diameters in the
range of D, to Dy, +dDy, the local nucleation heat-flux gp is given by

" OO(O[AF) " D3
qPEL WD) 72" [y £ (Dy).AD, (13)

Since all the bubble diameter D, values are typically less than the characteristic liquid film
thickness A, for order of magnitude estimates, the oo in the upper integral limit of Eq. (13) can
be replaced by the distance A_.

Substituting Eq. (13) in Eq. (12), we use the double integrals to define suitable average val-
ues of different variables and restate it as

3
qNucleation—HT = |:ngv (D:; )*AF :I {[ n]6)b ]pv } hfg-fav (D; ) * Aexp—active (14)

where Dy’ is an average bubble departure diameter such that [nzv (D;)*AF *fo (DI, )] represents
number of bubbles/sec/cm? of the active nucleation-exposed area A cxp-acive- -

As an approximation, since the total heat transfer rate into the heat sink qu, =q5 = A =
Qnucleation—pT emains the same in Eq. (14) for both no-piezo and with-piezo cases, it is only
the active areas A y,_ive> SPectral densities of bubble frequencies f (Db), and nucleation site
densities n"(Db) that change in Egs. (12)—(14) to accommodate higher microlayer temperatures
relative to the bubble’s interior vapor temperature and higher interior bubble pressures associated
with acoustothermal heating cases depicted in Fig. 15(b).

5.1.3 Structural Vibration at Sonic Frequencies f,, and Its Impact on HTC Values

The fluid filling and emptying role of the modulation frequency f , as discussed in subsection
5.1.1 and Fig. 15, also has a direct impact on the HTC values (see Table 3) for with-piezos cases.
A representative Table 3 type result for different frequencies f,, in Figs. 16 and 17 for heat flux
Qu =257 Y demonstrates its importance. The structural v1brat10n of Fig. 5 is only one of several
factors. The fluid gap topology of Fig. 3(b), quality and stability of diffusion bonding of layers,
and inlet/outlet arrangements for fluid pushing and suction from gear pumps are some of the
other important factors and are part of ongoing research. The starred dots (for the single piezo
cases) in Fig. 16 show that for 50 Hz < fy; <1000 Hz, the variation with fy; is nonmonotone and
the value fy; =200 Hz has the best structural vibrations mode-shape for, perhaps, resonant inter-
actions with the micro bubbles ebullition cycles (via Bjerknes forces discussed in Douglas et al.,
2012) leading to the highest HTC. Figure 17 plots another Fig. 16 type of result for a different
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Heat Transfer Coefficient versus Heat Flux
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FIG. 16: Results for heat flux q}, =24 W/cm?, with varying f,,- This is from a set of runs that are not indi-
cated in Table 3.

and higher P, piezo power case with a range of modulation frequencies 150 Hz < fy <450 Hz,
which yields higher HTC values. These results show the possibility of optimizing HTC and e
(see Eq. 1) values by smart (possibly machine-learning—based) choices of modulation frequency
f,, and piezo power P, . w

In Fig. 16, for qy, =187, experimentally obtained HTC values are obtained for several
regularity check cases in Table 4, and the order of magnitude of these values are consistent with
various known correlations compiled by other researchers (Carey et al., 2018; Narain et al., 2018;
Gungor and Winterton, 1986).

5.1.4 Impact of Substructural Vibrations Amplitudes on HTC

The HTC versus input signal voltage results of Table 2 are plotted in Fig. 18. The results clearly
show increasing HTC with increasing power of the ultrasonic vibrations for a fixed modulation
frequency. The microstructure stability issues discussed in Fig. A.1 of the Appendix deal with
other relevant issues concerning better monotonicity of Pp;_, and Pp,_p relations expected in
forthcoming experimental runs.

5.1.5 Another Role of Modulation Frequency f,, and Transit Time t.on ENB

The nearly stagnant fluid and bubbles in the narrow gaps of the microstructure (despite the Wen-
zell filling nature of a single layer of the meshed region; Erbil and Cansoy, 2009; Murakami et
al., 2014) require emptying and filling assistance from this much-needed motion induced by
structural vibrations associated with f , as well as from the special gear pump arrangements for
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HTC versus Piezo Amplitude Modulation Frequency
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FIG. 17: Heat transfer coefficient over a range of different modulation frequencies. Modulation frequen-
cies within the 100 to 300 Hz range result in the highest HTC values. These runs are indicated in Table 3.

forced pushing and sucking at the liquid inlet and outlet (blue arrows in Fig. 6). It is expected that
the acoustothermal heating is limited to microlayers occupying a small substrate area Ay, aciive N
Eq. (11) and therefore have small thermal inertia. As a result, when piezos are switched off, the
loss of pressure rise in Fig. 12 appears almost immediately. This points to a nonequilibrium phase
change; the steady-in-the-mean pressure rise in Fig. 12 when piezos are on is most likely a line
with pixels rather than a continuous analog signal. This is confirmed by what is observed when
the off period for the ultrasonic frequency is long (e.g., for fy; <1 Hz, the off period of the square
wave modulation is > 0.5 s), as seen in results plotted in Fig. 19. Figure 19 shows pressure spikes
with a gradual rise time and gradual fall time (termed vapor transit or pressure relaxation time
1, = 0.2 sec), followed by a quiescent period of 0.3 sec (equal to % —1,). Here, 1, =0.2 sec is the
time it takes, after 0.5 s of increases in the number of vapor molze“éules inside of the bubbles and
consequent increases in pressures (in the available vapor domains) due to prior acoustothermal
heating of the bubbles’ microlayers, for number of vapor molecules to go back to the original
number and recover the pressure values associated with the absence of ultrasonic excitations.
This is the time it takes for the microbubbles to dislodge, merge, coalesce, leave the test section,
and condense those extra molecules at the liquid/vapor interfaces of the vapor line condensers
in Fig. 9. It is assumed that, in much less time than this, the low thermal inertia microlayers cool
back to the original temperatures. This recovered pressure associated with the original no-piezo
test section pressures stays for ﬁ—fr =0.3s before ultrasonic heating begins all over again.
Clearly, steady-in-the-mean pressure rises are seen in Fig. 12 because of this periodic pressure
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Heat Transfer Coefficient versus Input Voltage
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FIG. 18: Impact of pressure-rise on HTC. The result for heat flux qf, = 24 W/cm? is shown here as a func-
tion of piezo-1’s power P, . Here f, = 200 Hz.

spikes phenomenon is absent for fy; > 100 Hz in Fig. 12. In all these cases of Fig. 12, the off time
0f 0.005 sec or less is much smaller than the vapor transit pressure time (same as vapor pressure
relaxation time) of 0.2 sec.

As described above, nonequilibrium phase-change involving heterogeneous nucleation is
not uncommon (see Avedisian et al., 2018 and other literature on flash boiling); what is likely
unique about the phenomena described above is its possible controllable nature across the length
and time scales (nm/um for length and sub ps for time at the lower end) to the macroscale (> mm
and > 0.2 s).

The test-section pressure p; is measured in the far field well above the mesh and into the
mostly vapor exit region of Fig. 6. Here the temperature is experimentally found to be nearly
equal to the saturation temperature 7, ( p) corresponding to the measured pressure p = p, or
P = po-p- This fact is depicted by curves 1-2-3-4, marked in Fig. 20(a), which correspond to
average (at a given y) fluid temperature variations T, (y) in Fig. 20(b) as well as correspond-
ing physical location in Fig. 15(a) as we go along the vertical distance y > 0. The conditions for
y > H, in Fig. 15(b), where H,, is typically the order of magnitude of the mesh height, correspond
to equilibrium phase-change conditions above the microstructures. For no-piezos cases involv-
ing thermally nucleating microbubbles, we typically operate in the metastable region’s point 1
in Fig. 20(a). This corresponds with operations at the bottom of the mesh where the temperature
is the superheated bottom wall temperature T, [Fig. 20(b)]. As we move along points 1 to 4
in Fig. 20(a), we traverse the standard thermal boundary layer (solid curve) in Fig. 20(b) and
start operating under local equilibrium thermodynamic conditions for y >y, > H,, locations well
above the meshed regions. When acoustothermal ultrasonic heating of the microlayers begins
for micro bubbles within the microstructure, the same metastable point 1 has a new thermody-
namic condition denoted by 1" at the bottom of the microstructure [see Fig. 20(b)] and this is in
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Absolute Pressure vs Time
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FIG. 19: The above test section pressure versus time curve is for qf, =25 W/em?, f, = 4.87 MHz, and
fu =1Hz. Only one piezo at P,  is operational. The result gives an understanding of why sustained piezo
excitations f, are no longer steady. (a) The relaxation time 1, = 0.2 sec < 0.5 sec of the off time; it is the time
it takes when ultrasonic excitations (in the vertically shaded zone) are stopped to the time when the test sec-
tion pressure p,_is back to the no-piezos levels.
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the unstable spinodal decomposition region of Fig. 20(a). The fact that this condition is unstable
(and corresponds to being in the evaporation regime-1 of Pillai et al., 2018) is supported by the
observation that if ultrasonic heating is stopped for long (as for f,, < 1) or altogether, the with-
piezo elevated pressures p,, = p, + Ap [Fig. 20(a)] is not sustained (or achieved in the absence
of the modulation frequency f, in Fig. Ic). And yet, if we go far above the mesh [y > H,, in Fig.
20(b)] and if flow control over time is such that we retain the original inlet pressures p, and
saturation temperature Ty, ( po) at the inlet of the test section in Fig. 6, as we transverse vertical
distance above the microstructure feeding into the vapor exit along the curve 1'-2"-3"-4"in Fig.
20(b) which also corresponds to the similarly labeled physical locations in Fig. 15(b), a different
equilibrium saturation condition is attained by the predominantly vapor exit (where a higher test
section pressure p, = p, , is achieved). This subcooled boiling leads to higher HTC than the no-
piezos cases (as discussed in Fig. 13 for its far-field temperature models). This is consistent with
what is seen in Fig. 12 and Table 2.

By using a combination of flow control, different cooling rates in the vapor line condensers,
and control of the liquid inlet temperatures at the test section (Fig. 6) inlet, a range of high pres-
sures and saturation temperatures in the vapor phase of Fig. 20(a) and with-piezo bottom boiling
surface temperature Ty in Fig. 14 may be possible provided heat flux into the test section is suit-
ably varied (and these high HTC realizations will correspond to a range of saturated to subcooled
partial flow-boiling conditions in Figs. 6 and 13).

5.2 HTC versus Heat Flux and CHF Values

In this paper, CHF studies are limited to no-piezos cases in Table 1. Graphical representation of
heat flux @), versus driving temperature difference AT}, are plotted in Fi%g. 21 and 22, and HTC
versus ATy, values in Fig. 23. From these, it is concluded that q¢yr = 60

cm?”
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FIG. 21: Driving temperature differences start increasing exponentially around a gy = 60 W/ecm?
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FIG. 22: HTC values start dropping around a qéyr ~ 60 W/em?

The result in Fig. 23 for @, = 60 W/cm? shows the onset of unsteadiness concerning bottom
wall temperatures. This establishes the onset of CHF instabilities (Carey et al., 2018; Faghri and
Zhang, 2006). As an estimate, for now, CHF for the with-piezo cases can also be considered to
be around 60%.

5.2.1 Further CHF Discussions

Through the understanding gained and reported above, there are changes in microstructuring
patterns, test section configurations for liquid rewetting, and superior liquid pushing arrange-
ments (using the two gear pumps) that are currently being implemented for a pool boiling type
arrangement. There are additional test section changes that will ensure sustained liquid rewet-
ting of the microstructure. These new results, being reported elsewhere, are likely to establish

Qewr 2200 3.

5.3 Related Forthcoming Works Being Reported Elsewhere

With or without the help of hardware changes discussed in subsection 5.2.1, for brevity, the fol-
lowing other completed and ongoing works are being reported elsewhere:
*  Additional experimental runs
*  Nondimensional range of parameters considered and nondimensional plots of the re-
sults reported in this paper
*  Complete discussions of how system-level start-up, inventory, and flow control are es-
sential for reaching a steady state in a short duration of time while avoiding and sup-
pressing system-level instabilities discussed in Section 1
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200 Pottom Boiling Temperatures for Heat Flux above CHF (unstable)
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FIG. 23: The bottom boiling surface temperatures start becoming unsteady (and rising) around the
q’(’fHF ~ 60 W/Cm2

*  Calculated values of low pumping powers needed for the test section (< 2 W for the
earlier data range covered in this paper) in support of subsection 3.2.1

*  Estimates on bubbling frequencies and pressure rise phenomena for with-piezo cases
based on power-spectral-density function analysis of APT-1 and APT-4 at a data acqui-
sition rate of 3000 Hz

*  Results for other more stable microstructures

*  Attainment of total piezos power consumption P, to values less than 1% of the total
heat removed, at heat fluxes up to the new significantly enhanced CHF values

6. CONCLUSIONS

A new enhanced micronucleation approach for flow boiling (of Novec 3M Engineering Fluids)
over a heated fluid-filled micromeshed region of a copper minichannel is reported. The approach
utilizes additional phase-change through ultrasonic vibrations-induced acoustothermal (Pillai et
al., 2018; Datta et al., 2021) heating of within mesh liquid microlayers that exist between the
copper mesh and the thermally nucleated microbubbles. In addition, there is a new approach for
enhancing departure rates of nucleating bubbles within the fluid-filled and heated mesh pores.
This is achieved through the introduction of sonic modulation frequencies that lead to resonant
structural vibrations of the microstructure and enhance fluid filling and emptying motions within
the microstructure. The convective fluid motion above the micro structure plays a role in moving
the heat carrying vapor bubbles out of the test section, but plays a minor role in impacting the
HTC values (as ascertained here).

As a result of these processes, significantly increased HTC values (~50,000 W/m?>-°C for
heat-flux of about 30 W/cm?) are achieved. This follows from a significant reduction in driving
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temperature differences (between the heated surface and saturation temperature). Ongoing inves-
tigations are also addressing thermal packaging and CHF enhancement issues. For example, the
use of the latest thermal interface materials, TIM) can reduce the temperature difference between
the heat source (chip or heaters) and the heatsink’s bottom wall as well as microvibrations reach-
ing the chip.

Internal and external instabilities have been delayed for the heat sink. Internal ones can be
further delayed by achieving increased CHF values by enhanced liquid wetting resulting from
test section modifications. These works are expected to reduce piezos’ power consumption to less
than 1% of the heat removal rates and heat fluxes reaching new increased CHF values (from the
currently estimated levels of 60—80 W/cm? to values greater than 150 W/cm?). External system-
level flow instabilities are suppressed and delayed through the use of specialized hardware and
flow control. The use of approximate phase separation (by the test-section exit), enabled by this
flow loop, reduces test-section pumping power (Pandya, 2023b) to less than 2 W for the data re-
ported here. The flow loop and flow control reported here can enable a new automated machine-
learning—based flow control.
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APPENDIX A. DETAILS OF PIEZOS POWER CONSUMPTION

At imposed ultrasonic frequencies, the piezos in Fig. 1 are activated near their 3-3 thickness mode
crystal vibration frequencies. These signals are then amplified by a suitable R-f amp (Yektasonics
via APC, Inc.) yielding the output voltage V_ (t) indicated in Fig. 1. Again, V_ (t) as well as the
impedance Z (see Fig. 10) of the piezos are measured after the test section and heater block are
assembled into the flow loop. The V_  (t) are measured here over 20 us durations and sampled by
a Picoscope at 125 MHz. These measurements account for the various electromechanical cou-
pling of the piezos to the structure. The antiresonance frequency (far = 4.73 MHz), as identified
in Fig. 10, is chosen as the ultrasonic frequency f, used in the output of the signal generator in
Fig. 1(c). Selecting fp = f,r in Fig. 1 leads to the best energy-efficient resonant performance of
the piezos because then the R-f amp’s electric circuit sees a circuit model (APC International,
2002) that is mostly reactive (i.e., with low electrical resistance). The modulation frequency f,
is tested here in the range of 0.8 Hz < fy; <500 Hz, though it could be chosen anywhere in the
range of 100 Hz < f; <10 kHz.

It turns out that a piezo’s output voltage, V., (1), is not purely sinusoidal, and therefore is not
made up of either one or a sum of multiple smus01ds of frequencies f. Therefore, if |V, Voutp FET—,
represents the magnitude of the fast/discrete Fourier transform (FFT) of V_ (t) corresponding
to a sinusoidal frequency f and Z is the complex impedance (with Z =[ Z |y, *e' “ at frequency f
where i is the imaginary number) of one of the piezos PZ, the well-known complex power con?
sumed formula (Rawlins, 2000) given in Eq. (A.1) cannot be used directly.

2

‘Vout
. FFT-f;
Prz,complex f=f; = Poz ¢ +1iPpz i reacive = W el (A1)
fj
Re |:PPZ, Complex f=fj :' = PPZ—t (AZ)

|V0ut |}2:FT—f (f)

psd(f)= 2[z(r)

(A3)

The real part of Eq. (A.1) as given in Eq. (A.2) and the associated delta function result for
the power spectral density function defined in Eq. (A.3) is only valid for a pure sinusoid of fre-
quency fJ But the dissipative power of interest of a more general and not purely sinusoidal V_
(t) obtained from measurements in Fig. 1 is to be used. For this, the usual approach is followed.
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First, a power density function spectrum in Eq. (A.3) of the representative V_  (t) signal acquired

through a Picoscope at a DAQ rate of 125 MHz and suitable time duration is obtained from the

relevant ‘Vom ‘FFT . (see representative MATLAB results in Fig. A.1(a)-A.1(b). The total complex
L . . . .

power consumed Ppz compiex 1S then computed using a suitable incremental frequency df and by

Eq. (A.4) below:

- 10MHz | Vout |127FT—f (f)

Poz_t complex EI 'ei¢zdf A4
PZ—t,Compl . Z‘Z(f)‘ (A4)

Next, the real part of Eq. (A.4), namely
Re [Pszl,CompleX] =Ppz (A.S)

is the total dissipative power of interest, as shown in Fig. A.1(c) in this paper. As seen in Fig.
(A.la—A.1b), the piezos excitation frequency fp =4.73 MHz couples mostly with a subhar-
monic frequency fp_g, = 2.7 MHz. Typically, it is expected that as the signal generator volt-
age is increased, the piezos would start pumping progressively larger amounts of energy into
this substructural mesh-wire’s ultrasonic vibrations (see Fig. 4) associated with the subharmonic
frequency fp_gp = 2.7 MHz. This is the case when the signal generator voltage amplitude of 4
V in Fig. A.1 goes to 6 V in Fig. A.1(b). The substructure’s ultrasonic vibration power (Pp;_y)
defined in Eq. (A.6) below for the subharmonic frequency fp_ g, = 2.7 MHz can be studied with
the 3D Laser Vibrometer used for Fig. 5, but this is not the focus here. It suffices to note that the
substructural dissipative power Pp;_r (expected to be less than the total piezo dissipative power
Pp;_,) is given by

Poy p = ReUfP'wb'R psd(f)- df} (A.6)

fp-sub-L

These measurements are not entirely dependent on the accuracy of the dissipative power
computations from Egs. (A.4)—(A.6), which are likely within 1% of the computed values. They
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FIG. A.1: The power density function spectrum psd ( f ) =V [For—s ( f )/ Z‘Z ( f )‘ of the representative out-
put voltage V_ (t). (a) This psd(f) graph is for the 4 V amplitude of the signal generator signal in Fig. 1(c).
(b) This psd(f) graph is for the 6 V amplitude of the signal generator signal. (c) The total dissipative piezos
powers P and the substructural ultrasonic vibration powers Pp;_g curves for f= fprSub are for several cases,
including the ones in (a)—(b), for the microstructure used and defined in subsection 3.2.2.
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also depend on the stability of the diffusion-bonded microstructure used in the experiment. Sta-
bility can be affected by slippages and breakages of some of the bonds throughout the experi-
ment, especially the more unstable bonds with p =0 pm and p_~ 0 um between layers 2 and 3
of Fig. 3(a) used in this experiment. As a result of this, the total power, P, , and the substructure
ultrasonic vibration power Pp,_; curves in Fig. A.1(c) are nonmonotone with respect to driving
input signal voltage. These powers are expected to become monotone (as indicated in shaded re-
gions of Fig A.1c) in future experiments, which are planned for more stable microstructures that
are less prone to slippages. The piezos excitation frequency fp =4.73 MHz couples mostly with
a subharmonic frequency fp o, = 2.7 MHz in Figs. A.1(a)-A.1(b), where an increasing amount
of dissipative power P»,_r computed by Eq. (A.6) is expected to be consumed.
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