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The present study focused on enhancement of boiling heat transfer under low
pressures. The role of complex contact-line dynamics during bubble release from the boiling surface
was elucidated, which led to development of hybrid surface combining wettability and structural
engineering. The hydrophobic-coated cavities introduced stronger contact-line pinning, which was
responsible for more vapor trapping compared with flat surface. Consequently, the enhanced surface
led to significantly delayed transition to deteriorating intermittent boiling at very low pressures.

Additionally, a Convolutional Neural Network-based model was built to achieve fast processing
visualization data for analysis of boiling characteristics. Trained on time series of high-speed
infrared thermographic images of the boiling surface, the model was able to identify the existence

of microlayer at an accuracy of 90%.
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1. WHZERRAR UMD &
Industries ranging from cement, steelmaking, to petrochemicals produce a massive

amount of heat, which contributes significantly to annual global carbon emissions. To safely
dissipate industrial heat of high-temperature and high-flux nature requires revolutionary
advances in thermal management solutions. Among the short list of potential solutions,
boiling heat transfer proves to hold special promise due to its high efficiency—hundreds of
times that of single-phase heat conduction or convection. However, boiling can be particularly
vulnerable to pressure variations as exceedingly long waiting times tend to be incurred
between bubble nucleation cycles, which leads to detrimental transition to far less efficient
mode of intermittent boiling. It will thus be of vital importance to study the mechanisms for
heat transfer deteriorations of subatmospheric boiling so as to improve boiling surface design

for low-pressure applications.

2. WEDB

The transition to intermittent boiling under reduced pressures can be attributed to
deactivation of bubble nucleation sites, which in turn relies on complex contact-line dynamics
during bubble departure. The objectives of the present study are twofold, (i) to develop high-
performance boiling surface for enhanced low-pressure boiling based on a refined
understanding of contact-line pinning behavior; and (ii) to develop an artificial-intelligence

framework for mapping bubble dynamics in boiling phenomena.

3. WHEDTTIE

A series of boiling experiments were performed using a standard boiling test rig, which
consisted of Pyrex-glass vessel and a heater assembly (including a heat transfer block and two
sheath heaters of 700 W). The surface temperature and heat flux at the top surface of the
heat transfer block were estimated using the temperature measurements of three
thermocouples embedded along the block. For the development of data-driven analytical tool
of bubble dynamics, CNN (Convolutional Neural Network), a deep learning algorithm that
finds great success at image classification tasks, was built. High-resolution high-speed infrared
thermographic images of the boiling surface—depicting the 2D distributions of heat transfer
coefficient—were fed into the machine learning model as training data with labels indicating

key bubble characteristics such as the presence of microlayer (see Fig. 1).
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Fig. 1. Preparation of training data of CNN

4. WFIEERH

As shown in Fig. 2, surfaces with overlapping wettability and cavity patterns were
fabricated taking the following steps:
(1) The top surface of the heat transfer block was polished to a mirror finish;
(2) An array of dimples was drilled onto the surface using a computer-aided precision desktop
mill;
(3) The surface cavities were spray-coated with hydrophobic polytetrafluoroethylene (PTFE)

coating.
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The hybrid surfaces were found to lead to different contact-line dynamics. Fig. 3
shows the high-speed visualization of bubble departure behavior, i.e., the bubble departure
diameter Dy versus pressure P on the dimpled biphilic surface of 1.8 mm in cavity diameter
and 1.0 mm in cavity depth. In addition to the transition between the contact-line pinning
mode at relatively high pressure and the contact-line depinning mode at relatively low
pressure, a new regime emerged for the intervening pressures. The apparently extended range
of the former model is believed to be caused by ‘secondary contact-line pinning’ inside the
hydrophobic cavity. Since the PTFE coating was applied to both the bottom and side walls
of the cavity, it is reasonable to suspect that underneath a growing bubble, the entire cavity
would be filled with vapor, with the contact line possibly extended as far as the cavity edge.

When the moment of departure approaches, with the contact line firmly pinned (at relatively



high pressures), we expect the bubble detachment to progress similarly to that on the flat
surface, which includes, namely, necking to be followed by partial departure of the bubble.
When pressure further decreases, the contact line could instead become increasingly prone to
receding from its original position atop the cavity during bubble departure. The hydrophobic
nature of the coated inside of the cavity is likely to create conditions that enable trapping of
vapor in the corners. The extra pinning of the contact line makes sure that bubble departure
leave behind vapor residues leading to continued bubble growth without waiting time, which
constitutes essentially the same behavior found with flat biphilic surfaces but at high pressures
where continuous boiling regime prevails.

Significant enhancement of subatmospheric boiling was found with the hybrid
surface design. Fig. 4(a) and 4(b) show the boiling curves at different pressures for the flat
biphilic surface (with a 0.5-mm diameter and 3.0-mm pitch) and dimpled biphilic surface
(same pattern but over 0.3-mm-deep cavities), respectively. The latter seems to engender
greater enhancement of heat transfer coefficient for the same pressure reductions. It is
interesting to note that the enhancement declined sharply with decreasing pressure, which
suggests diminished effectiveness of the hybrid surface in delaying the transition to

intermittent boiling.
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Fig. 4 Boiling curves at different pressures for (a) flat biphilic surface and (b) dimpled biphilic surface

On the data-science front, a CNN-based image processing tool for boiling heat transfer
was developed. Compared with conventional boiling visualization analyses—which were often
performed manually and thus required days to complete—the machine-learning approach was
able to finish the task within seconds and achieve a similar if not better accuracy. More
importantly, the model could be used to derive crucial characteristics about boiling heat
transfer, such as microlayer size and lifetime, projected area of bubble base and bubble cycle
frequency, in an automated manner (Fig. 5). Future improvement of the present CNN
framework could lead to powerful analytical tool for comprehensive assessment of boiling heat

transfer that can reveal new insights with regard to heat transfer mechanisms of boiling heat



transfer otherwise hidden in troves of experimental data.
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Fig. 5. Examples of CNN-based postprocessing of visualization data for (a) detection of microlayer and

(b) bubble growth period distribution.
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