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Abstract
Boiling remains one of the most efficient modes of heat transfer, yet its underlying mechanisms are still not fully understood—particularly at small scales and near performance limits. In this talk, I will present a progression of studies spanning nearly two decades, aimed at uncovering the fundamental physics of boiling through carefully designed experiments and mechanistic analysis. We begin with studies of isolated single bubbles on surfaces instrumented with temperature and heat flux microsensors, using synchronized high-speed imaging to probe microlayer evaporation, transient conduction, and microconvection heat transfer mechanisms. These experiments reveal the intricate dynamics that govern heat removal at the bubble scale.
The next part of the talk focuses on our recent work on the critical heat flux (CHF) limit in pool boiling, which challenges classical hydrodynamic instability-based models. Through experimental studies involving liquids with diverse thermophysical properties on planar heaters of various sizes, we demonstrate that the evaporation momentum force limit (CHFEM) represents a more fundamental ceiling for heat removal—approximately four times higher than the classical Zuber limit (CHFZuber). Our results show that CHFEM can only be approached when hydrodynamic disturbances above the surface are suppressed, highlighting that the true CHF limit is governed by a force balance at the surface-fluid interface, rather than instabilities farther away in the vapor-liquid bulk. We find CHF/CHFEM values ranging from 0.2 to 1, defining a new framework for interpreting and potentially enhancing CHF.
I will then discuss our extensive work on heat transfer mechanisms in microchannels, where we reveal the dominant role of thin film formation and evaporation in regulating heat transfer performance. Using high-resolution diagnostics and localized measurements, we show how film thickness and stability vary with flow regime. Our studies establish that the thin liquid film – formed between the heated wall and elongated bubbles – is the primary contributor to heat transfer, and its dynamic behavior governs transitions between slug and annular flow. 
Taken together, these efforts construct a unified view of boiling providing guidance for the design of future high-performance thermal systems in energy, electronics, and aerospace applications.
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