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THERMAL AND MASS TRANSPORT

The development of thermal and mass transport as a subject of scientific study holds a central place in the origin and advancement of the Industrial Revolution by enabling the steam engine, which in turn provided unprecedented levels of power and speed for transportation, material processing, and eventually the distribution of electricity. Even earlier, elementary understanding of heat and mass transfer were crucial elements in providing for human safety and comfort, as well as food preservation via cooking and drying. Given this rich and diverse history, a logical question is: how much more of this subject remains to be discovered and explored? One answer would point to nuances of how heat and mass flow occurs at different scales through various material solid and fluid hosts, new forms of which are constantly being discovered and developed (Bergman et al., 2008). However, such a perspective seems relatively narrow in comparison to the outsize history of impact in the field, yet at the same time global grand challenge problems, such as clean energy and water, food security, or eradication of disease are too general to have useful meaning for the present purpose. Instead, we consider here how improved understanding of the details of thermal and mass transport might rekindle a new set of discoveries and technologies with broad global impact.

TRANSIENT AND NON-EQUILIBRIUM PROCESSES

A useful starting point for imagining the possibilities of transformative discoveries in the area of transport processes is the semiconductor industry. Borne of a seemingly simple yet profound combination of materials built into a unique device, the solid-state transistor has served as the genesis of multiple industries, ranging from personal computing to telecommunications (Brinkman et al., 1997). One of the crucial insights to the development of integrated circuits (ICs) was that individual devices could be operated away from thermodynamic equilibrium in a repeated and coordinated manner to produce a greater overall effect than the “sum of their parts.” With such developments arose other specialized circuit elements such as micro-capacitors and dynamic memory devices that, along with a set of community-driven and shared design tools (Dutton and Yu, 2012), have enabled the simple transistor to form the basis of ICs that now touch nearly every technology-based device and product.

In comparison, the study of transport phenomena has focused strongly on near-equilibrium and steady- or quasi-steady-state processes. This emphasis is apparent in virtually any textbook on heat, mass, and/or fluid transport, largely because of the myriad complexities produced by non-equilibrium thermodynamics and transient dynamics (Groot and Mazur, 1962). One important example of non-equilibrium behavior involves the fast collection of “hot carriers” as proposed in the 1980s (Ross and Nozik, 1982) for solar photovoltaics. However, actually harnessing such effects, for example, with energy conversion devices that exploit the highly energetic but ephemeral non-equilibrium states, has presented an ongoing challenge that remains largely unsolved. Moreover, any prospective thermal system that exploits transient behavior and non-equilibrium effects will almost surely require much-improved thermal “capacitors,” or storage materials and related devices (Doty et al., in press). Following the “Ragone plot” format for electrochemical storage systems that compares energy and power densities (Simon et al., 2014), Figure 1 provides a notional map of various thermal storage materials and approaches. The quantitative metrics for thermal energy (1 MJ/kg) and power (1 kW/kg) are surely debatable, but they provide reasonable order-of-magnitude goals. Clearly, power (i.e., speed) is a serious shortcoming of thermal storage. Few existing approaches if any hold the promise of both high energy and power simultaneously, and even “volumetric boiling” with relatively high levels of both has received relatively little attention for thermal storage, likely because of its need for active control and its highly non-equilibrium nature (Kim and Lior, 1997). Nevertheless, many emerging phase-change materials (and some old ones) offer promise of managing both high power and energy (Shamberger, 2016).
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FIGURE 1 | Notional map of energy and power densities of thermal storage approaches (L, liquid; S, solid; V, vapor).



SMALL-SCALE MATERIALS AND DEVICES

The unique transport characteristics caused by small-scale dimensions of materials have captured much attention from the research community over the past several decades (Cahill et al., 2003). Most such studies have focused on the properties of individual nanoscale elements or features (e.g., interfaces), often with intricate experimental constructs (Shi et al., 2003). Relatively less attention has been paid to the collective behavior of such objects, yet from an engineering perspective, ensemble characteristics would certainly seem to be paramount. Another important advantage to study collective behavior is the natural statistical averaging that is needed to analyze the exceptionally high variability in properties and characteristics of individual nanoscale objects (Feser et al., 2012) caused by fabrication processes with high intrinsic variability. A useful example of the value of community-based efforts in this regard is the global round-robin testing of a variety of the so-called nanofluids (i.e., suspensions of nanoparticles in liquids), which found that (Buongiorno et al., 2009) “no anomalous enhancement of thermal conductivity was achieved in the nanofluids tested in this exercise.” Nevertheless, the development of new nanomaterial ensembles that offer unique advantages at the human scale remains an important challenge and objective for the field. In this sense, a greater emphasis on self-organized fabrication and manufacturing of such assemblies (Srivastava et al., 2013), models of complex media through rigorous volume-averaging techniques (Sbutega et al., 2015) and thorough uncertainty quantification (Murthy and Mathur, 2012) will be crucial.

ADAPTABLE THERMOFLUIDIC TRANSPORT

Intimately connected to solid-state nanoscale and composite materials are fluid-based thermal and mass transport systems, including both man-made and natural architectures. Interestingly, few examples of high-transport solid thermal materials exist in nature, in contrast to the opposite extreme of highly insulating structures, such as animal fur (Simonis et al., 2014). This state of affairs is likely the result of the peculiarly good thermal transport properties of water – by far the most abundant natural liquid. Nature has developed various means of managing thermal and mass balances in plants and animals through exquisitely complex aqueous networks that adapt to their environments autonomously. In comparison, man-made thermal systems, such as power plants, also use water extensively, but they tend to employ brute-force thermal management approaches that exploit large bodies of water, causing significant thermal pollution and other adverse side-effects (Roy et al., 2005). While biologically inspired but coarse facsimiles of multi-phase, vascular networks have been studied recently (Chen et al., 2013), the opportunity to integrate adaptable materials that autonomously respond to dynamic fluidic and thermodynamic conditions remains largely unaddressed, and the likely gains in engineering efficiency, ecological health, and water conservation make such approaches particularly appealing. At the same time, the question of adaptation in thermo-fluid systems has reached the full global scale with the contemporary emergence of climate change. More than ever, policymakers require the objective expertise of scientists and engineers to understand the many complexities of solar forcing, greenhouse gas emissions and accumulation, and the roles of evaporation and ocean currents, among many other highly technical issues that are not well understood (Incropera, 2015).

MASS TRANSPORT IN MEDICINE

The full titles of undergraduate courses and books in this field commonly use some variant of “Heat and Mass Transfer,” which is often colloquially abbreviated to “Heat Transfer.” The truncation is not without reason or consequence, as the topics involving transport of mass are typically delivered secondarily through analogies to thermal transport. Yet mass transfer technology when viewed from a societal perspective would seem to deserve equal if not greater billing, as it is central to global grand challenges associated with clean water and providing quality health care to an aging population. The latter topic is particularly compelling as progress in the so-called “personalized medicine” continues to accelerate (Chan and Ginsburg, 2011). However, broad adoption of personalized medical treatments – i.e., beyond clinical trials – will require major new advances in many areas, none more important than controlled drug delivery. This area has attracted much attention in mass transport research, but with generally underwhelming results. For example, concerning nanoparticle-based drug delivery to tumors, a recent review (Il Keun et al., 2012) states, “Almost the whole decade of [the] 2000s has been consumed by developing various nanoparticles for targeted drug delivery to tumors, and the results are not, on the whole, encouraging.” The reasons for this disappointment are numerous and complex, but many relate to “oversimplification of biotransport phenomena.” Clearly, this area of controlled and targeted drug release therapies represents a great challenge to our community, with immense potential for impact on the world.

OUTLOOK FOR THIS SPECIALTY SECTION

Given the foregoing challenges, the study of thermal and mass transport is as rich and interesting as ever, while also holding a unique legacy of translating fundamental scientific discoveries into technologies that change the world (Viskanta, 2014). This specialty section of Frontiers in Mechanical Engineering seeks to draw from the broader interdisciplinary ethos that already exists within the transport research community, as evident from the foregoing discussion, and that also has come to characterize the “Frontiers In” project and family of journals. The section will broaden the reach of the field through a successful and growing open-access model of scholarly publication, along with a refreshing and technically rigorous style of collaborative peer review that has been pioneered by the “Frontiers In” family. We hope that you will consider engaging in this venue for world-changing scholarship in this exciting field.
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