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Microbubble emission boiling with ultrahigh heat flux

Growth, condensation and collapse of vapor bubbles
A number of fine bubbles are emitted

q > CHF

Collapse event drives liquid toward heated surface

he
at

 fl
ux

 [W
/m

2 ]

time, [ms]

D = 5 mm,  ΔTsub = 20 K, 
ΔTsat = 53.6 K, q = 5.6 MW/m2
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Concentration-adjustable micromixer by a train of 
bubbles/droplets

Mixing performance is adjustable
by frequency of droplet injection

Figure 4. Effects of the droplet injection frequency on the mixing characteristics. Mixing of (a) the dye and (b) the particles at
f = 5, 7, 13, and 15 Hz. Scale bar indicates 100 µm. (c) and (d) indicate the relationship between the RMI and the mixing
position in the cases of the dye and the particles, respectively. The results indicate that the solution concentration is controllable
by adjusting the injection frequency regardless of the solute diffusion coefficient.The edges of the droplets in (b) are enhanced
by white circles only for the purpose of eye guide.

The effect of the confluence angle on the mixing enhancement is observed for the “no droplet” case as the difference in the
RMI at xm = 10 mm [Fig. 3(c)] in the dye solution. The diagram indicates that the mixing is enhanced as q m increases. This
may be due to an increase in the influence of the change of the momentum on the flow field39, 40. Conversely, the angle effect is
suppressed in the cases of the particle solution and of the enhanced mixing by the droplets. These results suggest that the effect
of the droplet injection is significant and that of the confluence angle is negligible for low diffusion coefficient samples and for
the droplet injection mixing.

Effects of the droplet injection frequency
Effects of the frequency of the droplets injected into the mixing channel is investigated. In this experiment, Wm = 250 µm and
Qsample = (Qcont + Qdisp) = 420 µL h−1 are treated as constants, while the injection frequency f is changed by controlling the
flow rate ratio f . The frequency range is limited by the chip design and the working fluids to f  15 Hz (see also: Fig. S2
in Supplementary Information). For f > 15 Hz, the droplets are not generated and co-flows are formed41. Figures 4(a) and
4(b) show that the distance between the neighboring droplets decreases as the frequency increases. As it has been discussed in
the previous section, the mixing enhancement by the droplet is the maximum near the confluence point. Figures 4(c) and 4(d)
indicate that the mixing is more enhanced for higher frequency, whereas the inclination of the RMI for xm > 2.5 mm is almost
independent of f for both the dye and the particle solutions.
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using electrical or thermal effects14. Garstecki et al.23 introduced bubbles into a series of branching (repeatedly split and
recombined) microchannels and achieved an effective mixing by fluctuating pressure between the branches. Günther et al.24

utilized bubbles to form a slug (Taylor) flow in a curved microchannel to divide the sample flow into small segment in which the
diffusion length can be shorten. Mao et al.25 implemented chambers in a microchannel downstream of a flow-focusing device
where bubbles are generated and the mixing was enhanced by a chaotic flow induced by random movement of the bubbles in
the chambers.

While aforementioned mixers aim to obtain the complete mixing (i.e., homogeneity of the solution), mixing inside the
droplets are often exploited to control the concentration of the solution34. However, they typically require sequential and
repetitive procedures to obtain the demanded concentration and therefore the operation tends to be complicated. To achieve
the concentration controllability and the mixing enhancement at the same time, a multiphase-flow type mixer, which control
the concentration outside the droplets to provide high throughput and unlimited production volume is developed. The device
enhances the mixing by generating a disorder on the mixing interface and the concentration adjustment are achieved by
controlling the level of the generated disorder. The disorder is generated by striking the solution–buffer interface with
immiscible droplets, and the disorder level is adjusted by varying the droplet frequency (droplets per second). Furthermore,
effects of the channel geometry and the diffusion coefficient of the sample are also investigated. The developed device
successfully shows fine concentration controllability and high responsiveness with simple and stable operation.

Results
Mixing enhancement by the disorder
A schematic of the micromixing device, which effectively mix solutions by means of the droplet injection, is shown in Fig.
1(a). All the channel height is set to 50 µm. The droplets are generated at a T-junction where a continuous-phase channel
(100 µm wide) and a dispersed-phase channel (50 µm wide) confluent [Figs. 1(b) and 1(c)]. In the downstream region, the
continuous phase works as a buffer and is mixed with sample solution in a mixing channel. The continuous-phase channel and
the sample-solution channel (100 µm wide) confluent with an angle q m [Fig. 1(d)] and the buffer (including droplets) and
the sample flow in the mixing channel whose width and length are Wm and 10 mm, respectively. At the confluence point, the
sample–buffer interface is perturbed, which results in enhancing the mixing efficiency, as the droplets carried by the continuous
phase strike the interface. At the end of the mixing channel, the mixed sample is extracted from an upper-side bifurcation
channel [100 µm wide, Fig. 1(e)]. DI water and oleic acid are employed as the continuous phase and the dispersed phase,
respectively, and either dye solution or particle solution is employed as the sample phase.

Figure 1. (a) Overview of the micromixer exploiting a disorder induced by the droplet injection. Mixer consists of three inlets,
which are used for inflow of the continuous phase (water), the dispersed phase (oil), and the sample, a T-junction for a droplet
generation, a mixing channel (length of 10 mm), and two outlets. (b) and (c) Droplets are generated at the T-junction and (d)
are injected to the confluence point. The mixing is enhanced by the injected droplets that induce the disorder on the interface of
the continuous phase and the sample. (e) The concentration-adjusted sample is extracted from the upper-side outlet.
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