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Surface waves appearing on falling films cause severalfold increase in mass transfer from the
surface into film. On log-log scale of the Sherwood number Sh and the Reynolds number Re,
the Sh increases with Re rapidly at Re < 40~75, gently at 40~75<Re<400, and rapidly again at
Re > 400, showing two breaks at Re = 40~75 and 400 on the Sh-Re curve. Although the first
break at Re = 40~75 in the wavy laminar flow region observed by several researchers in the past,
the mechanisms causing the break at Re =40~75 have not been understood. The latter break is
known to be caused by the transition from wavy laminar to turbulent film flow, but the
structures of the transition and of the turbulent film flow have not been observed. In this work,
to find out these breaks and the structures of the turbulent film flow the wave dynamics and the
associated gas absorption rates of naturally evolving and periodically triggered surface waves
have experimentally been investigated with uniformly distributed water film falling inside
circular tubes and on flat plates in the range of Re = 10~1000.

In about 1 m or taller films, two empirical correlations between the Sh and Re at the ranges of
Re<40 and Re =40~400 were constructed based on the measurement of mass transfer into
falling film. The slopes on the Sh-Re curve are approximately 1.1, 0.5 and 1.25 at Re < 40, Re =
40~400, and Re > 400, respectively. Waves covering a whole film of 0.4~1.0 m height increase
in Sh up to 2.2~2.7 times the theoretical prediction for a smooth film at the laminar flow range.
The amount of increase is larger in a taller film. The decrease in Sh due to the tube inclination
from the vertical is more serious for a taller film with laminar flow. The periodic perturbations
imposed on the inlet flow are most effective when these are applied to short films at
Re=150~600 where the smooth entry pass and the laminar developing entry region have large
fractions of their lengths to the film height.

The evolution of two-dimensional solitary waves (hump-like large waves) into
three-dimensional horseshoe-shaped waves is observed at Re>40, where two-dimensional waves
are unstable to perturbations of 2 cm spanwise wavelengths and rapidly increase transverse
modulations of continuous wavefronts to develop into horseshoe-shaped waves and to partially
disintegrate into clusters of dimples between the horseshoes. However, the wavefronts are
continuous and the modulations are limited to low levels at Re < 40, indicating that the

secondary instability causing the three-dimensional waves saturates at low degree. Horseshoes



of larger velocities have larger curvature heads, and extend longer oblique legs upward. The
horseshoes hold vortices inside, and they have similarities in shape and size to hairpin vortices
observed in laminar- turbulent transition regions of boundary layers on walls. The vortices in
the humps renew the gas-absorbing film surface to significantly reduce the concentration
boundary-layer thickness on the surface and to enhance gas absorption. The wave
disintegrations into the horseshoes and dimples partially destroy or weaken the vortices in the
humps and on long legs, resulting in the sharp decrease in slope of the Sh—-Re curve. The wave
disintegration is caused by a capillary instability similar to the one for breakup of a cylindrical
liquid stream. Since the deepest valleys in front of the humps deepen to have large surface
curvatures, the associated negative liquid-side pressure around such valleys results in new
instability for dimples on horizontal wavefronts.

The transition from laminar to turbulent flow occurs in the films with decelerating inlet flow
at the range of Re=400~700 where Sk sharply rises, suggesting that the laminar developing
entry region rapidly shortens to nearly disappear, though the region had been observed only in
film flow measurements. Periodic perturbations imposed on the inlet flow trigger tall humps
close to the inlet, causing the laminar developing region to vanish and the critical Re to shift
from 400 to about 300. In the turbulent film flow of Re>400~700, turbulences are localized

under large waves traveling on a thin substrate in which the flow is laminar otherwise.
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