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FORCED-CONVECTION AND BOILING
CHARACTERISTICS IN MICROCHANNELS®

ABSTRACT

A sequence of experiments was conducted to investigate the fluid flow and heat transfer characteris-
tics in microchannels with/without phase-change in last few years. More attentions have been paid to un-
derstand the flow boiling heat transfer performance and phase-change transition mechanism in microchan-
nels. In these experiments, the single-phase and flow boiling heat transfer of pure water, pure methanol
and water-methanol binary mixtures flowing through eight rectangular and six triangular microchannels
were observed and measured. The microchannel size, geometrical configuration, and mole fraction of
water-methanol binary mixtures were experimentally found to have critically significant impact on single-
phase forced-convection, on flow boiling, especially nucleate boiling, and on bubble formation and
growth in microchannels. A physical model accounting for the effect of channel size was proposed to theo-
retically analyze the single-phase gas flow and heat transfer through microtubes. For flow boiling and nu-
cleation in microchannels, two new concepts “evaporating space” and “fictitious boiling” were proposed
to explain the unusual phase-change transport phenomena. A dimensionless number and related criteri-
on, for determining the phase transition in microchannels, were derived theoretically. The dynamical
analyses of the system indicated that nucleate boiling in microchannels is almost impossible, and the na-

ture of this transport phenomenon is found to be thermodynamic nonequilibrium.
INTRODUCTION

The rapid increase of practical engineering applications, as for micro-devices, micro-systems, ad-
vanced material designs, and micro-manufacturing, is creating a strong demand for better understanding
of microscale transport phenomena and causing a noticeable extension of thermal science and heat transfer
research from traditional research areas or macroscale to microscale. Single-phase convection and boiling
of liquids in microchannels and/or microstructures, as one of the very important topics in microscale
transport phenomena research area, have unique significance in the development of new technologies and
devices for control of energy transfer and other advanced applications requiring very compact and extreme-
ly large heat-flux heat exchangers. As noted by Yang and Zhang (1992), and Tien et al. (1994), the
investigations, including theoretical analyses and experimental observations in the open literature, con-
ducted in recent years have shown that microscale transport processes have dramatically distinct thermal

fluid flow, heat transfer, and other thermal transport as compared to conventional situations.
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Tuckermann and Pease (1981, 1982) and Tuckermann (1984) demonstrated that the electronic
chip was able to be effectively cooled by means of water flow in microchannels fabricated on the circuit
board on which the chips are mounted, and the dissipated heat flux was up to the order of over 10’ W/m’
while the surface temperature was maintained at the level of less than 130°C. These conclusions greatly
promote researchers and engineers to understand the characteristics of the related transport phenomena
and/or develop new technology for practical engineering applications. Actually, as a high performance
cooling technology, microchannels and/or microchanneled structure are utilizing in the development of
ultra large scale integrated circuits, spacecraft thermal control and other high technology fields, so as to
dissipate high density heat generation at low operating temperature. This technology is also rapidly. being
extended to other applications because of the tremendous capacity of this type of system for heat removal.
As a sequence, great attention has been paid to the investigation on the heat transfer in microchannels/
microstructures since early 1980’s. Due to very small characteristic scale having dimensions ranging from
several hundred to 0.1 microns, the single-phase fluid flow and heat transfer in microchannels and mi-
crostructures exhibit significantly different characteristics from those in conventional-sized channels. This
was described by many investigations available in open literature in which substantial experimental obser-
vations/data and theoretical evidences were provided (Wu and Little, 1983, 1984; Goldberg, 1984;
Keyes, 1984; Mahalingam, 1985; Kishimoto and Ohsaki, 1986; Koh and Colony, 1986; Hwang et
al, 1987; Nayak et al, 1987; Mahalingam and Andrews, 1988; Tien and Kuo, 1988; Samalam,
1989; Sasaki and Kishimoto, 1986; Harley et al, 1989a, 1989b; Schubert et al, 1989; You, 1989;
Philips, 1990; Weisberg et al, 1990, 1992; Hoopman, 1990; Little, 1990; Choi, 1991; Choi et
al, 1991; Pfahler, 1991; Pfahler et al, 1990a, 1990b, 1991; Lin and Pesano, 1991; Xin and Shi,
1992; Zhang and Xin, 1992; Peng and Wang, 1993a, 1993b, 1993c, 1993d, 1994a, 1994b,
1994¢, 1994d; Wang and Peng, 1994; Lin et al, 1994). A brief review was made by Peng and Wang
(1994b) to discuss the research trends and achievements on this subject in last few years prior to 1994,
Some emphases were addressed on their research on the fluid flow and heat transfer in microchannels
with/without phase change.

In recent four years, the fluid flow and heat transfer in microchannels and microstructures were in-
terested by much more scientists and engineers. Yu et al (1995) experimentally investigated the flow of
single-phase fluids in microtubes. They found that the Reynolds analogy was not applicable and devel-
oped an analogy by considering the turbulent eddy interacting with the walls as a frequent event causing a
direct mass transfer and thermal energy exchange between the turbulent lumps and the wall. Rujano and
Rahman (1995) numerically investigated the hydrodynamically- and thermally-developing laminar flow
and heat transfer processes in microchannel cooling passages in the silicon substrate of a high-heat-flux
electronic device. Goodson et al (1995) employed a microchannel heat sink in CVD diamond for laser-
diode arrays, and theoretically predicted the heat transfer performance. Yin and Bau (1995) developed
3-D model to simulate the heat transfer of microchannel heat exchanger combined with fluid flow in the
channels. They found that there exist an optimum geometry minimizing the heat transfer resistance.
Kuan (1996) experimentally evaluated the heat transfer performance, and compared their results with the
prediction of Yin and Bau (1995). Tonkovich et al (1996) and Roy and Avanic (1996) developed some



