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Abstract

Flow boiling in microchannel heat sinks is a promising route for next-generation electronics
cooling, but its implementation is limited by interfacial instabilities, flow oscillations, vapor
choking, and local dryout. Conventional diagnostics based on optical visualization, temperature,
pressure, and flow-rate measurements are valuable, but they can be difficult to apply for real-
time monitoring in compact or visually inaccessible cooling hardware. This work evaluates
contact acoustic emission (AE) sensing as a nonintrusive diagnostic for identifying phase-change
events and characterizing transient two-phase flow behavior in a microchannel heat sink. A
synchronized multimodal facility was developed that combines contact AE sensing, airborne
microphone measurements, thermofluidic measurements, and high-speed optical imaging under
controlled heating conditions. Representative tests comparing a single-phase baseline at P = 2.2
W with a boiling case at P = 45.3 W show that boiling onset produces pronounced increases in
AE amplitude and AE hit rate. The AE count-duration distribution also broadens during boiling
and includes short-duration, high-count transients that are consistent with rapid interfacial
motion and abrupt vapor-fraction changes. In contrast, microphone spectrograms show weaker
separation between single-phase and two-phase conditions, indicating that solid-borne AE is
more sensitive to confined boiling events under the tested conditions. These results establish
a baseline framework for physics-informed acoustic diagnostics and machine-learning-assisted
monitoring of two-phase thermal management systems.

Keywords: Acoustic emission, two-phase flows, microchannel heat sink, flow boiling, multimodal
sensing, electronics cooling

1 Introduction
Flow boiling in microchannel heat sinks has emerged as a promising thermal-management strat-
egy for next-generation electronics, electric propulsion systems, high-performance computing, and
artificial-intelligence hardware because it can dissipate high heat fluxes within compact form fac-
tors. As chip and module power densities increase, conventional single-phase cooling approaches can
require high pumping power or allow unacceptable temperature nonuniformity. Two-phase cooling
uses latent heat transport and enhanced convection associated with bubble nucleation, growth, and
evaporation to achieve higher heat-transfer coefficients than single-phase liquid cooling. Therefore,
flow boiling has attracted sustained interest for power electronics, data centers, avionics, refriger-
ation systems, energy conversion systems, and microgravity thermal management [1–8]. However,
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practical implementation remains challenging because two-phase flows are unsteady and sensitive
to operating condition, channel geometry, surface condition, and flow instability.

Two-phase flow instabilities arise from complex interactions among fluid inertia, vapor genera-
tion, evaporation momentum, surface tension, viscous stresses, pressure fluctuations, and buoyancy
forces. These coupled phenomena produce a wide range of transient interfacial behaviors, including
bubble nucleation, coalescence, vapor slug formation, annular flow transitions, intermittent dryout,
pressure oscillations, flow reversal, and vapor choking. Flow instabilities can significantly degrade
thermal performance by reducing the effective heat transfer coefficient, increasing pressure drop,
inducing temperature oscillations, and triggering critical heat flux (CHF) conditions. The physi-
cal mechanisms governing these instabilities and CHF remain subjects of ongoing debate despite
decades of investigation. Multiple mechanistic theories have been proposed to explain CHF during
flow boiling, including boundary-layer separation [9–10], bubble crowding [11], sublayer dryout [12–
15], and interfacial liftoff [16]. These theories emphasize different dominant mechanisms associated
with vapor accumulation, liquid replenishment failure, and interfacial hydrodynamics near heated
surfaces. To probe the instability mechanisms, extensive studies have examined flow boiling using
high-speed optical imaging, infrared thermography, particle image velocimetry, and synchronized
thermal-fluid measurements [17–26]. For example, Clark et al. [2] investigated pressure-drop os-
cillations and parallel-channel instabilities during microchannel flow boiling and demonstrated the
strong coupling between hydraulic instability and CHF behavior. High-speed visualization studies
by Chen and Garimella [18] provided detailed observations of bubble growth, confinement effects,
and flow-regime transitions in silicon microchannel heat sinks. Similarly, Bigham et al. [17] inves-
tigated thin-film evaporation mechanisms on microstructured surfaces and demonstrated the role
of microscale liquid-film dynamics in heat-transfer enhancement.

Although optical diagnostics have significantly advanced the understanding of two-phase flows,
several important limitations remain. High-speed imaging requires direct optical access and is often
difficult to implement in compact cooling systems, opaque geometries, or practical field environ-
ments. Furthermore, boiling flows exhibit substantial stochasticity due to the inherently transient
and multiscale nature of bubble dynamics, making it challenging to define robust image-based sig-
natures for flow-regime classification or anomaly detection. Large high-speed imaging datasets also
require substantial storage and computational resources for processing. These limitations moti-
vate the exploration of alternative nonintrusive sensing approaches capable of detecting transient
boiling events and unstable flow behavior without relying exclusively on optical access. Acoustic
emission (AE) sensing provides a complementary nonintrusive diagnostic for monitoring dynamic
processes in complex thermal-fluid systems. AE signals are transient elastic waves generated by
sudden energy-release events within materials or fluid-structure systems. AE sensing has been
widely used in structural health monitoring, vibroacoustic system identification, damage detection,
electrical-discharge diagnostics [27], and dynamic process monitoring [28–30]. In boiling systems,
acoustic signals may originate from turbulence, rapid vapor expansion, bubble nucleation and col-
lapse, interfacial oscillation, liquid-film rupture, and transient pressure fluctuations [31–32]. AE
sensing has been increasingly explored for gas-liquid and vapor-liquid two-phase flow characteri-
zation. In gas-liquid systems, prior studies investigated flow-induced acoustic behavior for flow-
pattern recognition, gas-volume-fraction estimation, leakage monitoring, and distributed sensing
applications [33–37]. Xue et al. [33] examined the influence of gas bubbles on leakage acoustic
wave propagation in gas-liquid systems and demonstrated strong sensitivity of acoustic signatures
to bubble concentration and interfacial interactions. Zhao et al. [35, 37] investigated flow-induced
acoustic characteristics in horizontal gas-liquid two-phase flows and demonstrated correlations be-
tween acoustic features and flow regimes. Distributed acoustic sensing approaches have also been
applied for gas-phase velocity measurements and multiphase pipeline monitoring [34, 36]. Col-
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lectively, these studies demonstrate that acoustic signals contain rich information associated with
interfacial structures and transient flow behavior. However, most of these investigations focused
on non-phase-change systems and macroscale pipeline flows rather than confined boiling flows in
microchannels.

In parallel, increasing attention has been directed toward acoustic diagnostics for boiling and
phase-change heat transfer systems. Prior investigations demonstrated that boiling processes gener-
ate distinct acoustic signatures associated with bubble nucleation, vapor transport, and interfacial
oscillations [38–47]. Lim et al. [42, 44] analyzed acoustic signal behavior during subcooled flow
boiling and demonstrated the capability of acoustic measurements to identify boiling regimes nonin-
trusively. Barathula et al. [38] employed machine learning combined with boiling-induced vibration
signals for heat-load prediction during flow boiling. More recently, Zhang et al. [39] demonstrated
deep-learning-enabled identification of flow boiling regimes using acoustic measurements. Chen et
al. [40–41] investigated the acoustic characteristics of flow boiling in helical tubes through both
experimental and numerical approaches and demonstrated strong coupling between boiling dynam-
ics and acoustic spectra. Several studies also explored the use of machine learning for predicting
boiling heat flux, heat transfer coefficient, and boiling regimes from acoustic measurements [43,
48–50]. Recent work from the present research group has further demonstrated the potential of AE
sensing for multiphase thermal-fluid diagnostics. Pandey et al. [31] reported a synchronized mul-
timodal boiling dataset integrating acoustic sensing, optical imaging, and thermal measurements
for boiling characterization under transient and steady-state conditions. Dunlap et al. [48] demon-
strated nonintrusive heat-flux quantification during pool boiling using AE sensing, while subse-
quent studies developed machine-learning frameworks for boiling heat-flux prediction and transient
heat-flux monitoring using hit-based AE features and temporal-spatial learning architectures [49–
50]. Additional studies demonstrated acoustic sensing and unsupervised learning for phase-change
flow characterization during condensation processes [46–47]. These studies indicate that acoustic
measurements contain substantial latent information regarding interfacial dynamics and boiling
intensity. However, most prior boiling-acoustic investigations focused on pool boiling, macroscale
channels, or bulk spectral analysis. Relatively limited work has examined high-frequency contact
AE sensing integrated with synchronized optical diagnostics for confined microchannel flow boiling.
Despite the proven success of existing studies, there is still a fundamental lack of understanding re-
garding the physical origins of AE waveforms during boiling and the relationship between acoustic
features and transient interfacial phenomena. Existing studies vary substantially in sensor type,
frequency range, signal-processing method, and geometry, which limits cross-study comparison and
slows the development of generalized acoustic diagnostic frameworks. The distinction between
airborne acoustic measurements from microphones and solid-borne transient signals from contact
AE sensors also remains insufficiently investigated for confined boiling systems. This distinction
is practically important because electronics-cooling hardware often contains compact, opaque, or
embedded flow paths where optical access is unavailable and real-time instability monitoring is
needed.

To address these challenges, this work investigates contact AE sensing for detecting and charac-
terizing two-phase flow behavior in a microchannel heat sink. A synchronized multimodal platform
integrating AE sensing, microphone measurements, thermofluidic sensing, and high-speed optical
imaging is developed for flow boiling experiments under controlled heating conditions. The study
compares acoustic behavior between single-phase and two-phase flow conditions and evaluates AE
amplitude, hit rate, waveform duration, counts, and spectrogram characteristics during boiling
onset and vapor transport. Particular emphasis is placed on distinguishing the capabilities of
contact-based AE sensing and airborne microphone measurements for detecting transient boiling
events in confined microchannels. The presented framework establishes a foundation for physics-
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informed acoustic diagnostics, machine-learning-assisted boiling-regime classification, and real-time
monitoring of advanced two-phase thermal-management systems. The specific contributions of this
paper are threefold. First, a microchannel flow-boiling facility is integrated with synchronized con-
tact AE, microphone, thermal-fluid, and optical measurements. Second, representative single-phase
and two-phase cases are used to identify AE features that respond strongly to boiling onset and va-
por transport. Third, contact AE and airborne microphone measurements are compared to clarify
why solid-borne acoustic sensing is advantageous for detecting confined phase-change events under
the present test conditions.

2 Methodology
Figure 1a illustrates the in-house flow loop developed for single-phase and two-phase cooling exper-
iments, with preliminary calibration reported in [51]. The inlet and outlet fluid temperatures were
measured using epoxy-coated 3950 NTC thermistors connected in voltage-divider circuits with fixed
10 kΩ resistors. Differential pressure across the heat sink was measured using an Omega Engineer-
ing PX2300-10DI differential-pressure transducer connected through 1/16-inch tubing. A Koolance
PMP-500 pump driven by an external power supply controlled the liquid flow rate, while an Omega
BV1000TRN025B turbine flow meter measured the instantaneous flow rate. Fluid temperature con-
ditioning was achieved using a jacketed reaction vessel coupled to a Thermo Scientific Polar ACCEL
500 chiller. An inline preheater controlled by an INKBIRD PID controller maintained the desired
inlet temperature. Heating power was supplied using a ceramic heating plate attached beneath
the heat sink with thermally conductive paste. The integrated K-type thermocouple within the
heater monitored the base temperature of the heat sink. Temperature and flow-rate data were
collected at 1 Hz with an Arduino Uno, converted to engineering values, and exported to text files
for post-processing.

Figure 1b shows the test section integrated with optical and acoustic sensing. A straight mi-
crochannel heat sink with channel depth D = 500 µm, width W = 500 µm, and spacing S = 500
µm was used for all tests reported in this study. A Phantom VEO 710L high-speed camera with
a Nikon AF-S Micro-NIKKOR 60 mm f/2.8G ED lens captured the two-phase flow behavior at
1,000 frames per second. A MISTRAS R3a contact AE sensor was attached to the side wall of
the test section using a magnetic hold-down fixture. The AE sensor was connected to a MISTRAS
USB AE Node, and data were acquired using AEWin software. The saved source files (.DTA) were
converted into waveform and hit data for analysis. A Behringer ECM8000 condenser microphone
was positioned near the test section and connected to a Behringer U-PHORIA UMC404HD data-
acquisition interface powered by a Neewer NW-100 supply. The microphone signal was recorded
through LabVIEW to compare airborne acoustic response with contact AE response.
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Figure 1: Photographs of (a) the flow loop for two-phase flow testing and (b) the test section with
high-speed imaging and acoustic sensing using an AE sensor and a microphone.

Figure 2 illustrates the threshold-based hit analysis used for the AE data using a representative
waveform from single-phase flow. The AE amplitude is defined as the maximum signal magnitude
during a transient event, and the rise time is the interval between the first threshold crossing and
the peak amplitude. The signal duration is the total time interval over which the waveform remains
above the threshold, while AE counts represent the number of threshold crossings within the event.
Counts therefore provide a compact measure of waveform oscillation and complexity. These hit-
based parameters are widely used in structural health monitoring and are useful here because they
reduce high-rate transient waveforms into interpretable event-level quantities that can be compared
with flow state and optical observations.

Figure 2: Illustration of AE hit parameters using a representative AE waveform during single-phase
flows.

The present analysis is intentionally framed as a feasibility study rather than a complete flow-
regime classifier. Optical images are used to identify whether the test remains single phase or
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contains vapor generation, while AE features are used to quantify the corresponding acoustic activ-
ity. Because AE amplitude depends on sensor coupling, propagation path, and threshold settings,
the comparisons in this paper emphasize relative differences between tests conducted on the same
facility rather than universal amplitude thresholds. Future datasets should report repeated trials,
uncertainty bounds, and sensor-position sensitivity before model parameters are generalized across
heat-sink designs.

3 Results and Discussion
Figure 3 compares representative AE amplitude histories for single-phase and two-phase flow in
the microchannels. At a heater power of P = 2.2 W, the flow remains single phase during the test,
and the AE amplitude stays near the background level with only small fluctuations. At P = 45.3
W, the flow initially remains liquid, but bubbles nucleate in the channels as heat accumulates and
the wall superheat increases. After vapor generation begins, the AE response shows substantially
larger transient amplitudes than the single-phase baseline. This contrast indicates that contact AE
sensing is sensitive to the onset of phase change and to the accompanying interfacial dynamics in
the confined channels. Physically, the stronger AE response is consistent with rapid bubble growth,
vapor transport, local pressure disturbances, and fluid-structure excitation caused by intermittent
two-phase motion.

Figure 3: Comparison of the AE amplitude versus time between the single-phase flow test (P =
2.2 W) and the two-phase flow test (P = 45.3 W). The optical images with blue and red borders
represent the single-phase flow test and the two-phase flow test, respectively.

Figure 4 compares AE counts versus signal duration for the single-phase and two-phase flow
conditions. In both cases, AE counts generally increase with waveform duration because longer
events contain more oscillatory cycles crossing the threshold level. However, the two-phase condi-
tion exhibits a broader distribution of AE events, including short-duration, high-count waveforms
associated with rapid transient dynamics. These events are consistent with sudden interfacial
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motion, vapor slug acceleration, or abrupt vapor-fraction fluctuations rather than the smoother
hydrodynamic background expected during single-phase flow. Compared with the compact single-
phase distribution, the broader boiling distribution indicates a more intermittent acoustic source
field. The result suggests that joint feature distributions, rather than amplitude alone, may provide
a useful basis for future flow-regime classification and anomaly detection.

Figure 4: Comparison between the single-phase flow test (P = 2.2 W) and the two-phase flow test
(P = 45.3 W) for AE counts versus duration.

Figure 5 presents the AE hit rate and AE amplitude evolution during the two-phase flow
experiment. The onset of boiling corresponds to a sharp increase in both AE amplitude and hit fre-
quency. As vapor generation intensifies, repeated transient acoustic bursts are observed throughout
the experiment. The increase in AE hit rate reflects the increasing frequency of threshold-crossing
interfacial events within the microchannels. Because AE hits represent discrete transient events
rather than time-averaged temperature or pressure measurements, the hit rate can serve as a real-
time indicator of boiling activity intensity. These observations suggest that AE hit statistics may
be useful for detecting unstable or high-activity operating conditions in compact cooling systems.

Microphone data were also analyzed to evaluate whether airborne sound provides compara-
ble sensitivity to flow boiling. Figure 6 compares microphone spectrograms obtained during the
single-phase and two-phase conditions. Unlike the contact AE measurements, the microphone spec-
trograms do not show a clear regime-dependent pattern under the tested conditions. This difference
is likely caused by weak airborne acoustic radiation from the confined phase-change events and by
attenuation across the fluid-solid-air transmission path. High-frequency components generated by
bubble nucleation, rapid vapor expansion, or interfacial impact are expected to be especially sen-
sitive to this transmission loss. The comparison therefore indicates that contact AE sensing is
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better suited than airborne microphone sensing for detecting the solid-borne transient signatures
produced by microchannel flow boiling in this facility.

Figure 5: AE hit per unit time and AE amplitude versus time for the two-phase flow test.
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Figure 6: Comparison of the spectrogram of the microphone data between (a) the single-phase flow
test (P = 2.2 W) and (b) the two-phase flow test (P = 45.3 W).

The results should be interpreted with several limitations in mind. The present dataset compares
representative single-phase and boiling cases rather than a fully replicated design of experiments
over mass flux, inlet subcooling, heat flux, and channel geometry. The AE source mechanisms
are inferred from synchronized optical observations and thermal-fluid state rather than isolated
source calibration. In addition, the AE threshold, sensor coupling, and propagation path influence
the absolute hit statistics. These limitations do not weaken the main feasibility result, but they
motivate future experiments that include repeated trials, uncertainty quantification, controlled
boiling-regime labels, and sensor-placement studies.

4 Conclusion
This work demonstrates the use of contact acoustic emission sensing for detecting and character-
izing two-phase flow behavior in a microchannel heat sink. A synchronized multimodal platform
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integrating AE sensing, microphone measurements, thermal sensing, hydraulic measurements, and
high-speed optical imaging was developed for flow boiling experiments. Representative tests showed
clear differences between single-phase and two-phase conditions in AE amplitude, hit rate, waveform
duration, and count-duration distributions. Boiling produced stronger and more frequent transient
AE activity, consistent with bubble nucleation, vapor transport, and intermittent interfacial motion
within the microchannels. Airborne microphone measurements showed weaker separation between
the same operating states, indicating that solid-borne AE sensing is more sensitive to confined
boiling events under the tested conditions. The results support AE sensing as a promising nonin-
trusive diagnostic for real-time monitoring of boiling flows and interfacial instabilities in compact
thermal-management systems. Future work will focus on replicated operating maps, uncertainty
quantification, synchronized analysis with infrared thermography and high-speed imaging, and
machine-learning-assisted classification of boiling regimes and anomalous flow events.
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