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1.Introduction

Mass transfer mechanism across wind-driven
wavy air-water interfaces is of great practical in-
terest in estimating CO, exchange rate across the
air-sea interface. Transfer velocity of CO; across
wind-driven wavy air-water interfaces have been
measured by a number of investigators through
laboratory and field experiments. However, the
data of gas transfer velocity have been very much
scattered among individual studies and they have
roughly showed the linear proportionality be-
tween transfer velocity and wind friction velocity
or wind speed on the logarithmic graph. Fur-
thermore, most previous studies have tried only
to correlate the transfer velocity with wind shear
or wind speed, and they have not physically ex-
plained what mechanism controls CO; transfer
across wavy interfaces. This has been attributed
to the fact that it is very difficult to experimen-
tally investigate the turbulence structure near the
moving air-water interface. However, to clarify
the CO; transfer mechanism, it is quite neces-
sary to investigate the turbulence structure near
the wavy air-water interface by means of the tur-
bulent velocity measurements 1 =4,

The purpose of this study is to numerically
investigate both the turbulent structure near a
wavy air-water interface where turbulence is gen-
erated only by the wind shear and the effect of
the wind shear on the CO, transfer across the
wavy sheared interface. Turbulent velocity field
was computed by means of a three dimensional
direct numerical simulation (DNS) based on the
finite difference method. Here some results ob-
tained from the DNS are reported,

2.Direct Numerical Simulation (DNS)

The coordinate system which can describe the
free surface is shown in Fig,1. Subscripts 1,2 and
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Figure 1: The coordinate system used in this
study: (a)physical region; (b)computational re-
gion.

3 denote the streamwise, spanwise, and vertical
direction, respectively. The equations governing
the flow in an incompressible Newtonian fluid are

v =0, (Continuity equation) (1)
31‘;
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(Navier-Stokes equation) (2)
where v; is the ith component of the velocity vec-
tor, p is the pressure, v is the kinematic viscos-
ity, g is the acceleration of gravity, g is the den-
gity and &;; denotes the Kroneker's delta. The
Einstein summation convention is also used, In
both streamwise and spanwise directjons, the pe-
riodic boundary condition was used for all ve-
locities and pressure. The boundary condition
enables us to treat an open-channe! flow in the



finite lume as a free surface flow on the infi-
nite plane. On the free surface, two boundary
conditions should be satisfied. One is the kine-
matic boundary condition[Eq.(3)] which describes
the Lagrangian behavior of the fluid particle on
the free surface, and the other is the dynamical
boundary condition [Eqs.(4) and (5}] which is de-
termined from the balance of the stresses acting
on the interface in the normal and tangential di-

rections:
aF ar
B + Uig;l- =0 (3)
Pt+ont+ps=po
On = peiinin; (4)
Ps = TFRm
oy = pejingt; =0 (5

where F, on, Pa, Po, 4, €ij, iy Y, Km, 0t and ¢; are,
respectively, the function displaying the form of
the free surface, the normal component of the vis-
cous force vector, the pressure variation by the
surface tension, the pressure on the gas side, the
viscosity, the deformation rate tensor, the unit
vector in the normal direction, the surface ten-
sion, the mean curvature on the free surface, the
tangential component of viscous force vector, and
the unit vector in the tangential direction.
Introducing the characteristic velocity and
length, V and L, we obtain a set of the reference

values;
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Substitution of Eqs.(6) into Eqs.(1)-(5) and the
omission of the asterisks leads to

8v;
B = 0, (1)
_aﬂ ’U'% — _ P 1 3211;
8t ~ 70z; 8z, Rebz;bz;’
1
P=p~ -F—r(ﬂla — X39), (8)
ar oF
E -+ 'b'.'a—m'; == 0, (9)
1
r+ ReSiimimi + 7hm = po, {10)
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o = ejjn;t;, (11)
where the pressure P is the reference pressure in-
volving the effect of the gravity, and zay denotes
the height of the reference position which corre-
sponds to the averaged interface,

The details of the numerical procedure are
given in Ref.5.

(a)

Figure 2: Instantaneous velocity vectors in wind
wave turbulence: (a)air side; (b)water side.

3.Results and Discussion

Figure 2 shows the instantaneous velocity vec-
tors in both air and water flows. From the ve-
locity vectors together with the flow visualiza-
tion in a wind-wave tank!) we can get a sketch
of the organized motions near the wavy sheared
air-water interface, as shown in Fig.3. The or-
ganized motion in the air flow above the inter-
face intermittently appears in front of the wave
crest. The organized motion in the air flow above
the highly sheared wavy interface is generated
by the wave. The generation mechanism will be
different from the bursting phenomena observed
near the smooth rigid wall, since the intermittent
organized motion is always observed in front of
the wave crest as sketchd in Fig.3. As shown
in Figs.4 and 5 the instantaneous shear stress
and pressure become maximum in front of the
wave crest, and the motion is accelerated above
the crest in the outward direction. On the
water side the surface-renewal motion intermit-
tently and frequently appears, and it renews the
free surface like ag a rolling eddy. The frequency
of the appearance of the surface-renewal eddy in
the high shear region is far larger than the typ-
ical frequency of the waves and the scale of the
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Figure 3: A sketch of turbulence structure near L ' H
the wavy sheared air-water interface.

surface-renewal eddy is roughly estimarted to be
0.05 ~ 0,50 A. Here A is the wavelength. Also the
surface-renewal motion is observed to be gener-
ated below the interface at the same place where
the organized motion in the air flow occurs, as
shown in Figs.2 and 3. This suggesta that the Figure 4: Instantaneous shear stress distribution
surface-renewal mation in the water flow is in- on the wavy sheared air-water interface.

duced in the front of the wave crest by the strong
shear due to the organized motion in the air flow
(see Figs.4 and 5). This surface-renewal motion
controls the COy transfer across the wavy sheared
air-water interface.

4,.Conclusions

Turbulence structure and CQO, transfer mech-
anism across a wavy sheared air-water interface
were numerically investigated in relation to the
organized motions in the interface region. The
results from this study show that the organized
motion in the air flow intermittently appears on
the front side of the wave crest and there it in-
duces the surface-renewal motion in the water
flow through high shear stress on the interface.
The surface-renewal motion controls mass trans- One o ey

fer across & wavy sheared air-water interface. | I
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