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The mass transfer mechanism across a sheared air-water interface without bubble 
entrainment due to wave breaking was experimentally investigated in terms of the 
turbulence structure of the organized motions in the interfacial region in a wind- 
wave tank. The transfer velocity of the carbon dioxide (CO,) on the water side was 
measured through reaeration experiments of CO,, and the fluid velocities in the air 
and water flows were measured using both a hot-wire anemometer and a laser- 
Doppler velocimeter. The results show that the mass transfer across a sheared 
air-water interface is more intensively promoted in wind shear, compared to an 
unsheared interface. However, the effect> of the wind shear on the mass transfer tends 
to saturate in the high-shear region in the present wind-wave tank, where the 
increasing rate of mass transfer velocity with the wind shear decreases rapidly. The 
effect of the wind shear on the mass transfer can be well explained on the basis of the 
turbulence structure near the air-water interface. That is, surface-renewal eddies are 
induced on the water side through the high wind shear on the air-water interface by 
the strong organized motion generated in the air flow above the interface, and the 
renewal eddies control the mass transfer across a sheared interface. The mass transfer 
velocity is correlated with the frequency of the appearance of the surface-renewal 
eddies, as it is in open-channel flows with unsheared interfaces, and it increases 
approximately in proportion to the root of the surface-renewal frequency. The 
surface-renewal frequency increases with increasing the wind shear, but for high 
shear the rake of increase slows. This results in the saturated effect of the wind shear 
on the mass transfer in the high-shear region in the present wind-wave tank. The 
mass transfer velocity can be well estimated by the surface-renewal eddy-cell model 
based on the concept of the time fraction when the surface renewal occurs. 

1. Introduction 
Turbulent mass transfer across wavy gas-liquid interfaces sheared by turbulent 

gas streams is used as a separation technology in many industrial processes, 
including gas absorption, evaporation and condensation, and it often occurs in 
geophysical flows. It is, therefore, of great practical interest to investigate the mass 
transfer mechanism across such an interface both in designing and controlling 
industrial equipments with gas-liquid interfaces and in discussing geophysical 
problems. Recently the accurate estimation of the mass transfer rate has attracted 
special interest in the global-warming problem related t o  the exchange of carbon 
dioxide (CO,) between air and sea. 
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Usually the resistance on the liquid side dominates the mass transfer across a 
gas-liquid interface and therefore the mass transfer mechanism has to be clarified in 
relation to the turbulence structure on the liquid side. However, in wind-driven 
turbulence with a sheared interface, discussion of the turbulence structure on the 
liquid side should not be separated from the turbulent motions on the gas side which 
induce turbulence on the liquid side. There have been few fluid-mechanical studies 
that have clarified the mass transfer mechanism across wavy sheared gas-liquid 
interfaces, including the effect of the interfacial shear on the mass transfer rate. 

Most studies previously published in the geophysical area have accumulated 
measurements of mass transfer velocity (mass transfer coefficient or piston velocity) 
on the liquid side through laboratory experiments (e.g. Wanninkhof & Bliven 1991 ; 
Merlivat & MBmery 1983; Jahne 1980; JPhne, Munnich & Siegenthaler 1979; 
Broecker, Petermann & Siems 1978 ; Liss 1973) and field observations (e.g. Jahne 
1980; Roether & Kromer 1984; Watson, Upstill-Goddard & Liss 1991 ; Smethie, 
Takahashi & Chipman 1985), and they then proposed an empirical correlation 
between the mass transfer velocity and interfacial friction velocity or wind speed. 
Some studies (e.g. Liss & Merlivat 1986; Jahne et aE. 1979; Broecker & Peng 1974) 
have tried to explain the transfer velocity by using a surface-renewal theory, a film 
theory or other models, without experimental justification, but their explanations 
have not been successful because of the lack of direct measurements of fluid 
mechanical properties required in their models. 

On the other hand, in the engineering area, a number of studies have measured the 
mass transfer velocity in thin-film flows and have also discussed the effect of the wind 
shear on the mass transfer only in terms of the correlation between the transfer 
velocity and friction velocity (e.g. McCready & Hanratty 1985). However, the 
turbulence structure is complicated in thin-film flows, since the turbulence is 
generated by the shear both in the wall region and in the free-surface region. 
Therefore, it is very difficult to extract only the effect of the wind shear on the mass 
transfer in such flows. For a non-wavy slip interface where the turbulence is 
generated both by the wind shear and by the bottom wall in an open-channel flow, 
Rashidi & Banerjee (1990) and Lam & Banerjee (1992) investigated the turbulence 
structure both experimentally and numerically, and they found a streaky bursting 
structure in the sheared slip-interface region which was quite similar to the wall 
turbulence. Banerjee (1990) estimated the mass transfer coefficient by using the 
surface-bursting frequency together with a modified surface-renewal model including 
the idea of turbulent patches. However, they have not yet investigated the 
turbulence structure and mass transfer at a more wavy gas-liquid interface, where the 
strong wind-shear generates wind waves and the turbulence is generated over and 
under the waves by the wind shear only. 

The purpose of this study is to experimentally investigate both the turbulent 
structure near a wavy gas-liquid interface where turbulence is generated only by the 
wind shear and the effect of the wind shear on the mass transfer across the wavy 
sheared interface, and then to clarify the relationship between the turbulence 
structure and mass transfer mechanism. To exclude the effect of the wall turbulence 
on the gas-liquid interface, the experiments were carried out in a wind-wave tank 
with a large water depth. The mass transfer velocity on the water side was measured 
by reaerating CO, dissolved in the water tank, and the turbulence structure was 
investigated by measuring both air and water instantaneous velocities above and 
below the wavy interface. 
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FIQURE 1. Schematic diagram of wind-wave tank: 1,  motor; 2, air inlet; 3, screen; 4, wind 
tunnel; 5, wave absorber; 6, air outlet; 7,  drain tank; 8, wind-wave tank. 

2. Experiments 
The apparatus used here was the wind-wave tank shown in figure 1, and it had a 

glass test section 7 m long, 0.3 m wide and 0.8 m high. The water depth in the tank 
was 0.5 m, and the vertical height of the air flow above the tank was 0.3 m. Nonlinear 
three-dimensional waves without bubble entrainment due to intense wave breaking 
were driven in the water tank by wind with a free-stream velocity in the range 
U,  = 2.4-11 m/s, and at  the higher velocities the waves were weakly broken. The 
value of u* /c  was less than 1.05, where u* is the wind shear (friction velocity) at the 
interface and c is the phase speed of wind waves. The upper limit of the free-stream 
velocity was set by the power of the present wind fan. The phase speed c, the wave 
frequency fw, the wave height h and the wavelength h were measured using a high- 
speed video system (NAC : HSV400), and the statistical characteristics of the waves 
at x = 5 m, together with the averaged values of the measurements of the mass 
transfer velocity K, are listed in table 1 for several main runs. The measurements 
were done in the region (fetch) x = 3-5 m from the entrance (x = 0) of the tank, 
where typical wind waves were generated. 

Instantaneous streamwise and vertical velocities were simultaneously measured at 
z = 3 and 5 m by using a constant-temperature hot-wire anemometer (DANTEC 
56C16) with a miniature X-probe (DANTEC 55P61) in the air flow, as shown in figure 
2. The velocities in the water flow were measured using a two-colour laser-Doppler 
velocimeter (DANTEC 55X) with a forward scattering mode. The hot-wire and laser 
probes were vertically traversed up to just above the crests and below the valleys of 
the waves, respectively. Unfortunately the velocities in the immediate vicinity of the 
averaged interface, i.e. in the waves, could not be measured as well as in previous 
studies (e.g. Cheung & Street 1988), since both hot-wire and laser probes were 
intersected by the three-dimensional waves. However, the present wave heights were 
small enough (h  < 0.012 m) that it was possible to detect the organized motions with 
scales larger than or comparable to the wave height. The measured velocity signals 
were transmitted directly into a digital recorder (TEAC DR-1000) and stored on a 
magnetic tape. The sampling interval and sample size were 0.001 s and 300000, 
respectively. The digital signals were processed statistically by a digital computer. 

In addition to the velocity measurements, the flow visualization was carried out 
in both the air and water flows. For the air flow, a smoke-wire technique was adopted 
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FIGURE 2. Schematic diagram of velocity-measurement system. 

Lrm (m/s) u* (m/s) c (m/s) 

4.02 0.16 0.38 
4.49 0.19 0.37 
5.15 0.23 0.41 
6.65 0.38 0.52 
8.06 0.46 0.53 
9.60 0.60 0.63 

11.0 0.73 0.70 

.fw (1/s) 
8.40 
8.00 
6.45 
4.95 
4.57 
3.62 
3.10 

h (m) 
0.001 
0.001 
0.002 
0.004 
0.006 
0.010 
0.012 

A (m) 
0.040 
0.038 
0.057 
0.099 
0.126 
0.171 
0.215 

g,, ( 4 s )  

4.28 x 10-5 

9.17 x 10-5 
9.48 x 10-5 
9.56 x 10-5 
9.45 x 10-5 
1.04 x 10-4 

6.08 x 

TABLE 1 .  Statistical characteristics of wind waveB at x = 5 m and mass transfer velocity for 
the main runs 

and the paratfin mist was fed over the waves. In  the water flow, sodium fluorescein 
dye was used, illuminated by a high-power argon-ion laser (LEXCEL model 95-4). 
The flow patterns of the smoke and dye were viewed from the sidewall of the wind- 
wave tank and were recorded a t  intervals of 0.0025 s by using the high-speed video 
system. Each frame of the recorded pictures was carefully analysed by eye, as 
objectively as possible. 

The mass transfer velocity on the water side, k,, was measured through CO, 
reaeration experiments. First, pure CO, was excessively dissolved into filtered tap 
water at 20 "C in the water tank, and the water with CO, was homogeneously mixed 
in the tank. Then the fan in the wind tunnel was turned on and the mean 
concentration of CO, on the air side was measured vertically a t  x = 3 and 5 m by 
using two sampling tubes connected to  CO, analysers (FUJI ELEC ZFPS), based on 
infrared spectroscopy with a resolution of 5 p.p.m., as shown in figure 3. The bulk 
concentration of CO, on the water side was measured by a sampling tube connected 
to a total organic carbon meter (SHIMAZU TOC-5000). From these concentration 
measurements, the reaeration rate from the water into the air was estimated, and 
then the mass transfer velocity on the water side was calculated from the rate. 
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FIGURE 3. Schematic diagram of concentration-measurement system. 

3. Results and discussion 
3.1. Effect of interfacial shear on mass transfer 

To estimate the friction velocity u* a t  the air-water interface the mean velocity and 
the Reynolds stress were measured in the air flow above the interface. Figures 4 ( a )  
and 4 ( b )  show the distributions of the mean velocity U, and the Reynolds stress -- against the vertical distance y from the averaged water surface (y = 0), 
respectively. A logarithmic boundary layer was clearly observed in all runs, and the 
Reynolds stress became almost constant in the logarithmic boundary layer. The 
constant Reynolds stress based on the air-phase density -pQ- agreed well with 
the Reynolds stress on the water side - p L m  measured just below the valley of the 
wave. The distributions of Reynolds stress in the air flow are quite similar to the 
measurements of Kawamura & Toba (1988), who showed, by using a hot-wire probe 
moving synchronously with the wave, which enabled velocity in the waves to  be 
measured, that -- becomes constant up to the averaged water surface (y = 0). 
Thus, the friction velocity u* on the air side was estimated by applying both the 
logarithmic law with a von Karman’s constant of 0.4 and the assumption of a 
constant-flux layer. Figure 5 shows the friction velocities estimated by the two 
methods against the free-stream velocity [Im. They agree well, and they are well 
correlated with the free-stream velocity : 

u* = 0.02ui. ( 1 )  

This equation is an empirical formula and the constant of 0.02 should have the 
dimension of (m/s)-i. The correlation is in quite good agreement with the results of 
Plant & Write (1977), Hidy & Plate (1966) and others in wind-wave tanks and i t  is 
also close to the correlation of a* = 0.016@ found by Wanninkhof & Bliven (1991) 
for well developed waves in a huge wave tank. The results suggest that our wind- 
wave tank is very similar to wind-wave tanks used in many previous laboratory 
measurements. The values of u* estimated by the logarithmic law at  x = 3 m are also 
shown on figure 5 by solid circles, and they agree well with the values a t  x = 5 m. 
Merlivat & MBmery (1983) also confirmed in a wind-wave tank with almost the same 
dimensions as the present wind-wave tank that a constant-flux boundary layer has 
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FIQURE 5.  Correlation between the friction velocity and free-stream velocity : 0, estimated from 
the logarithmic law at x = 5 m; 0,  estimated from the logarithmic law at z = 3 m ;  a, estimated 
from the assumption of a constant-flux layer. A line shows (1). 
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Y (m) Y (m) 
FIGURE 6. Vertical distributions of (a) mean velocity and ( b )  mean concentration in the air 
boundary layer with U ,  = 4.0 m/s: at  0, x = 3 m ;  Q, z = 5 m. Lines show the best-fitting 
curves. 

developed in their measurement region (fetch) between x = 3.7 and 5.7 m. This 
suggests that in the region x 2 3 m constant energy is transferred from the air flow 
to growing waves and turbulence in the water flow. Furthermore, Plant & Wright 
(1977) have showed that u* grows rapidly in the region x < 1 m. 

Figure 6 ( a ,  b )  shows typical profiles of the mean velocity and concentration 
measured at x = 3 and 5 m in the air boundary layer. The velocity profiles show the 
development of the boundary layer because of wave roughness downstream, and the 
velocity in the outer layer becomes a little smaller in the downstream region, because 
of the limited height of the closed duct over the waves. The reaeration rate of CO, 
from the water into the air flow was estimated by vertically integrating the product 
of the mean velocity and concentration, and then subtracting the product a t  x = 3 m 
from that a t  x = 5 m. The errors in the reaeration rate due to the extrapolation of 
mean velocity and concentration to the elevation of the averaged interface (y = 0) in 
the waves was negligibly small. Also, the effect of taking the reaeration area to be 
between x = 3 and 5 m on the reaeration rate per unit area was checked by changing 
both the reaeration area to x = 4 and 6 m and the 2 m length of the reaeration area 
t o  1 m in the region x = 3-6 m. The results showed that the effects are negligible, and 
they also suggested that the wave growth rate may be roughly the same throughout 
the region 3 < x < 6 m. 

The mass transfer velocity on the water side, k,, was estimated from the reaeration 
rate per unit area, N ,  by 

N = k ( C ,  - C*)> (2) 

where C ,  is the bulk concentration of CO, on the water side and C, denotes the 
equilibrium concentration a t  20 "C and 1 atm. The bulk concentration in the water 
was almost the same between x = 3 and 5 m during the experiments, as shown in 
figure 7, and therefore the average of the values a t  the two locations was used. As 



168 S.  Komori, R. Nagaosa and Y .  Murakarni 

0 5 10 15 

c,, (m01/m3) 
FIGURE 7. Comparison of the bulk concentration of CO, measured at x = 3 m in the water, C,,, 

with that a t  x = 5 m, C,,6. 

long as the bulk concentration of CO, was maintained higher than 2.5 mol/m3. the 
concentration variation with time was negligibly small for the measurement period 
of one run. Also, i t  was confirmed that the measured values of k ,  do not vary over 
time. The equilibrium concentration was estimated by Henry’s law and the partial 
pressure of CO, was determined from the concentration of CO, at the interface, 
obtained by extrapolating the concentration profile (see figure 6 b ) .  However, the 
equilibrium concentration was two orders of magnitude smaller than the bulk 
concentration and therefore k ,  was not affected even when the partial pressure was 
determined from the CO, concentration at the outer edge of the air boundary layer 
(i.e. CO, concentration in the fresh air). This showed that the mass transfer rate is 
controlled in the liquid phase. 

Figure 8 (a) shows the variation of the mass transfer velocity on the water side with 
the friction velocity on the air side. The mass transfer velocity k ,  rapidly increases 
with increasing friction velocity u* in the region u* < 0.25 m/s, and it reaches about 
ten times the values measured by Komori, Murakami & Ueda (1989) and Komori, 
Nagaosa & Murakami (1990) in open-channel flows with unsheared (zero shear) 
air-water interfaces. This shows that the mass transfer is strongly promoted by the 
interfacial wind shear. However, the increase in k ,  becomes more gentle in the high- 
shear region u* > 0.25 m/s and k ,  tends to approach a constant value. The reason 
why k ,  tends to saturate in the high-shear region will be discussed later. Here i t  
should be noted that the values of k ,  in the higher-shear region are very close to the 
measurements of McCready & Hanratty (1985) in a thin-film flow as shown by the 
dotted area in the figure. This suggests that  the turbulent motions induced by the 
wind shear control the mass transfer across highly sheareu a,ir-water interfaces even 
in thin-film flows where turbulent motions are produced by both wind shear and wall 
shear. 

I n  previous work in the geophysical area, a continuous increase of k ,  has been 
assumed even for highly sheared interfaces without bubble entrainment due to 
intense wave breaking, and all laboratory and field measurements of k ,  have been 
arranged under the preconception of the proportionality between k ,  and u* or U,. 
As shown in figure 8 ( b ) ,  most previous measurements in wind-wave tanks and fields 
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FIGURE 8. Variation of the mass transfer velocity with the friction velocity. (a)  Present data and 
a comparison with the measurements in a thin-film flow of McCready & Hanratty (1985). The 
dotted area indicates the extent of the measurements of McCready & Hanratty (1985). ( b )  
Comparisons with the previous measurements in wind-wave tunnels and fields; 0 ,  laboratory data 
(N,O) of Merlivat & MBmery (1983); 0 ,  laboratory data (CO,) of Jahne (1980) from Jirka & 
Hrutsaert (1984); 0 ,  laboratory data (CO,) of JiLhne et al. (1979); *, laboratory data (CO,) of 
Rroecker et al. (1978) from Jahne et al. (1979); x , laboratory data (0,) of Liss (1973) from Jahne 
et al. (1979) ; A, laboratory data (SF,) of Wanninkhof & Bliven (1991) for the whole tank range ; 
0, field data (CO,) of Roether & Krorner (1978); +, field data ((20,) of Jahne (1980) from JirBa 
& Brutsaert (1984). Field data are oonverted from the measurements of k,  for radon by using the 
surface-renewal concept k ,  K (molecular diffusivity)i. The solid line shows a best-fit curve of the 
present measurements in (a) .  

are very scattered among individual studies, and they seem to show a rough 
proportionality between Ic ,  and u*. It will, therefore, be interesting to inspect more 
carefully the previous measurements. We should exclude the field data, because they 
are not direct measurements; that is, the field data are converted from the 
measurements of k ,  for radon by using the surface-renewal concept of k,cc  
(molecular diffusivity);. Also, the field data may include the efTect of the con- 
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Airside 

FIGURE 9. Sketch of the organized motions above and below the wave. 

tamination in the sea water. The laboratory data of Merlivat & MBmery (1983) 
and Wanninkhof & Bliven (1991) may be more reliable and they should be carefully 
inspected. The measurements in fresh water by Merlivat & MBmery (1983) exhibit a 
very similar trend to the present measurements even in the highly sheared region, 
but they suddenly jump up in the region u* > 0.6 m/s. This behaviour can also be 
seen at u* > 0.9 m/s (see figure 6 of Wanninkhof & Bliven 1991). However, 
Wanninkhof & Bliven (1991) regarded the increase of EL with u* as continuous, since 
data around u* = 0.6 are lacking. I n  particular, it is interesting that the relationship 
between the radar backscatter from the disturbances on the wave and the friction 
velocity (see figures 8 and 9 of Wanninkhof & Bliven 1991) is very similar to  the 
present relationship between the mass transfer velocity and the friction velocity. 
Furthermore, a few field measurements (e.g. in figure 1 of Watson et al. 1991) seem 
to show a similar trend of k ,  to  our measurements and suddenly jump in the 
extremely sheared region U,  > 15 m/s, though their data are not shown in figure 
8 ( b )  because they did not measure friction velocity. These results suggest that k ,  
increases with u* in the weakly sheared region and its rate of increase becomes small 
in the highly sheared region. In  the extremely sheared region k, jumps up and, in 
fact, our quite recent measurements in an amended wind-wave tank with a more 
powerful wind fan suggest a jump in the region of u* > 0.8 m/s. The criterion for the 
jump may depend on the rate of the bubble entrainment due to intense wave 
breaking, as also remarked by Merlivat & MBmery (1983). This suggests that the gas 
transfer mechanism changes at the shear level near the jump (u* x 0.8 m/s) : that is, 
below this level (u* < 0.8 m/s), the mass transfer will be controlled by the surface- 
renewal eddies appearing in the interfacial region as discussed later, whereas above 
it (u* > 0.8 m/s) mass transfer will be controlled both by the surface-renewal eddies 
and dispersed small bubbles (i.e. mass transfer across the interfaces around the 
bubbles) in the water phase. Therefore, a monotonic proportionality between k, and 
u* would not be expected in the extremely sheared region and there we will have to 
consider the effects of the complicated mass transfer between the water and bubbles 
(e.g. Rroecker & Siems 1984). 

3 .2 .  Turbulence structure near the shewed air-water interface 
Figure 9 shows a aketch of the organized motions above and below the air-water 
interface, obtained from the high-speed video pictures which were visualized by 
means of paraffin smoke and laser dye. The organized motion in the air flow above 
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the interface intermittently appears in front of the wave crest and generates an 
upward-accelerated bulge of smoke as also shown by Kawamura & Toba (1988). The 
organized motion in the air flow above the highly sheared wavy interface is generated 
by the three-dimensional 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 sketched in figure 
9. On the other hand, Rashidi & Banerjee (1990) and Banerjee (1990) have observed 
streaky structures a t  the non-wavy gas-liquid interface in a counter-current 
air-water open-channel flow with high interfacial shear, which are quite similar to 
those found near the rigid wall, and they suggested that the bursting motions are 
generated in the interfacial region of the water flow. Furthermore, they estimated a 
bursting frequency which is proportional to u i .  The bursting structure may be right 
for a weakly sheared interface with small wave heights close to a non-wavy interface. 
However, for a highly sheared interface with comparatively large wave height the 
turbulence structure rather resembles the structure above a solid wavy wall as shown 
by dashed lines in figure 9, though neither air separation nor recirculating flow 
behind the wave crest could be clearly visualized because of the difficulty of the feed 
of the smoke into the waves. Zilker & Hanratty (1979) have measured the shear 
stress above a two-dimensional solid wavy wall and have showed that the shear stress 
becomes a maximum in front of the wavy wall crest where the separated air 
reattaches. Very recently, the direct numerical simulations by Komori, Nagaosa & 
Murakami (1993) have also showed that organized motion rather similar to the 
present motion appears in front of the two-dimensional wavy wall crest where the 
instantaneous shear stress and pressure are maximum, and the motion is accelerated 
above the crest in the outward direction. Of course, it  should be noted that the 
present waves are three-dimensional and the flow structure may be a little different 
from that over a two-dimensional solid wavy wall. 

On the water side the surface-renewal motion appears intermittently and 
frequently, and it renews the free surface like a rolling eddy. The frequency of 
appearance of the surface-renewal eddies in the high-shear region is far larger than 
the typical frequency of the waves (see figure 14b) and the scale of a surface-renewal 
eddy is roughly estimated to be 0.05-0.5h. Also the surface-renewal motion is 
observed to be generated below the interface at the same place where the organized 
motion in the air flow occurs, as sketched in figure 9. This suggests that the surface- 
renewal motion in the water flow is induced in front of the wave crest by the strong 
shear due to the organized motion in the air flow. In addition to the surface-renewal 
motion, strong downward bursts with a large scale are intermittently observed, 
which spirally intrude into the bulk water as shown in figure 9. A burst is likely to 
be associated with the wave motion, and their frequency of appearance and scale are 
roughly equal to the wave frequency and the wavelength. Similar large-scale 
downward bursts were also observed by Yoshikawa et al. (1988). Such bursts may be 
produced by the drift of three-dimensional waves through a kind of drive mechanism 
like Langmuir circulation ; however, we could not clarify the details of their structure 
and generation mechanism. Furthermore, we could not investigate whether a 
downward burst is one of the above surface-renewal motions or not, i.e. we had no 
information about the relationship between the surface-renewal motion and such 
bursts. A t  the present stage, we can only mention that the scale of the surface- 
renewal motion is rather smaller than that of a strong downward burst which can be 
clearly visualized, and their frequency of appearance is rather larger. 

The organized motion, in particular the surface-renewal motion in the water flow. 
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FIGURE 10. Profiles of power spectra of velocity fluctuations (a)  in the air flow at y = 0.018 m and 
( b )  in the water flow a t  y = -0.015 m for Urn = 8.0 m/s. The solid line shows the power spectrum 
of streamwise velocity fluctuation and the dashed line the power spectrum of vertical velocity 
fluctuation. 

may affect the mass transfer across the air-water interface, and therefore we tried to 
estimate the frequency of appearance of the organized motions from the velocity 
signals measured in the air and water flows. Figure 10 shows typical profiles of the 
power spectra of the streamwise and vertical velocity fluctuations in each flow. Each 
spectrum shows a clear peak due to  wave motions at  the same frequency and the 
peak is especially remarkable for the water flow. Therefore, the wave components 
with periodic low frequencies in the velocity signals were eliminated by means of a 
digital bandpass filter (Bendat & Piersol 1971), and only the turbulence components 
were educed. Of course, the bandpass filtering may not be enough for estimating 
exactly quantities such as the energy distribution due to waves and turbulence, and 
it would be better to adopt a more sophisticated spectrum analysis. However, the 
present study aims to estimate only the appearance frequency of the organized 
motions exactly, which is obviously higher than that of the waves, as discussed later. 
For this purpose, the present filtering method was adequate for the velocity 
fluctuations, which have clear spectrum peaks at the lower frequency as in figure 10. 

Figure 11 (a, b )  shows typical time records of the filtered streamwise and vertical 
velocity fluctuations and Reynolds stress measured in the air and water flows. Here 
it should be noted that the velocities are not simultaneously measured for both air 
and water flows. It can be seen that negative peaks of the Reynolds stress 
intermittently appear in time records for both the air and water flows. When the 
negative peaks of the Reynolds stress appear, velocity signals (uG < 0, wG > 0, 
uGvg < 0 in the air flow and uL > 0, vL < 0, uLvL < 0 in the water flow) similar to 
typical bursting signals in the turbulent boundary layer are observed, as indicated 
by arrows in the figures. This, together with the flow visualization in figure 9, 
suggests that the organized motions appear in both the air and water flows. 
Kawamura & Toba (1988) have investigated the details of the turbulence structure 
in the air flow above the interface by means of both flow visualization and velocity 
measurements by a hot-wire anemometer moving with the wave, and they have also 
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FIGURE 11. Time records of the filtered streamwise and vertical velocity fluctuations and the 
Reynolds stress (a) in the air flow a t  y = 0.018 m and ( b )  in the water flow a t  y = -0.015 m for 
Urn = 8.0 m/s. Arrows indicate the organized motions. 
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FIGURE 12. Correlation between the time duration of the organized motion and the friction 

velocity. The solid line shows (6). 

confirmed that organized motion (which they call bursting motion) with velocity 
signals uG < 0 and v, > 0 and high Reynolds stress occur in the air boundary-layer 
flow. For water flow in a wind-wave tank, Cheung & Street (1988) have investigated 
the interaction between turbulence and waves by measuring instantaneous velocities 
below the interface, and they showed that strong turbulence is produced from the 
organized flow structures in the vicinity of the interface in the water flow. 

To estimate the frequency of appearance of the above organized motion, the well- 
known VITA technique (Blackwelder & Kaplan 1976) was applied to the streamwise 
velocity signals in the air and water flows, U, and U,. In  the VITA technique, the 
variable-interval time average for a streamwise velocity U(t)  at a particular position 
is defined by 

(3) 8(t, T )  = - ' [+'T U(s )  ds, 
'' t-4T 

where T is the averaging time. A localized measure of the velocity intensity is 
represented by the local variance .--. 

var ( t ,  T) = P ( t ,  T) - [Qt, T)]'. (4) 
Using this variance, a detection function of the organized motion is defined by 

1 if ?%r (t ,  T) > ku" 
D d t )  = 0 otherwise, 

where lc is the threshold level and u' is the conventional r.m.s. of the streamwise 
velocity fluctuation u(t). I n  addition, the number of intervals in which Dv(t) = 1 
gives the number of appearances of the organized motion. Here the averaging time 
T was determined by the averaged time duration of the organized motions shown in 
figure 12. and it was approximated by an empirical formula 

T = 0 . 0 0 3 ~ , ~ . ~ ~ .  (6) 
The value of the threshold level I% was set to 0.16, where the profile of the number of 
appearances of the organized motions against the threshold level has a clear plateau. 
The details of the determination of the averaging time and threshold level are 
described in Komori et al. (1989). 
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FIGURE 13. Variations of the frequencies of appearance of the organized motions with the friction 
velocity: 0, fG in the air flow; A, fL in the water flow; e, f, estimated by flow visualization in 
the air flow. The solid line shows the frequency of appearance of the strong organized motions 
detected by the uv-quadrant method in the air flow, f,,. The dashed line shows proportionality 
between fL and 1.:. 

Figure 13 shows the frequencies of the appearance of organized motions in the air 
and water flows, fG and fL, versus the friction velocity u* on the air side. Both 
frequencies increase with increasing u*, and in the high-shear region u* > 0.25 m/s, 
f G  is in good agreement with fL. However, in the low-shear region u* < 0.25 m/s, the 
frequencies deviate from each other, and fc becomes larger than fL. That is, the 
organized motions appear more frequently in the air flow than in the water flow. This 
suggests that only strong organized motions with high turbulent shear in the air flow 
can induce the organized motions in the water flow. When considering the turbulence 
generation mechanism in a wind-wave tank (see figure 9), we can easily accept this 
assumption. Therefore, to educe strong organized motions with large momentum in 
the air flow, the uv-quadrant method (see Alfredsson & Johansson 1984) was used 
here. 

In the uv-quadrant method, an event is considered to occur when the uG v,-signal 
exceeds a chosen threshold, i.e. when IuGvGI > H .  Then, the detection function DQ(t) 
is defined bv 

./ 

1 if IuGvGl > H 

0 otherwise, ( 7 )  

and the number of appearances of strong organized motions is given by the number 
of intervals in which Da(t) = 1.  Here the negative peaks of the Reynolds stress in the 
second quadrant (uG < 0, vG > 0) were triggered by the threshold level N, since the 
frequency of appearance of such peaks in the second quadrant is about the same as 
for events detected with the VITA technique (Alfredsson & Johansson 1984). The 
value of the threshold level H was found to give the same frequency as the value of 
fG detected by the VITA technique a t  u* = 0.25 m/s, where fG and fL begin to deviate 
from each other. The value of H was 0.2 m2/s2, and it corresponded to the minimum 
value of the Reynolds stress of the strong organized motions in the air flow, which 
can induce the organized motions in the water flow. The frequency of appearance of 
the strong organized motions, fGs, is shown in figure 13 by the solid line. The 
frequency fGs is in good agreement with the frequency of organized motions on the 
water side over the whole range of u*. This supports the assumption that only strong 
organized motions with large Reynolds stress in the air flow can induce organized 
motions in the water flow. 
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FIGURE 14. (a )  Normalized frequencies of the organized motions versus the Reynolds number: 0, 
f L h / U ,  in the air flow; A, f G  AlU, in the water flow. ( b )  The ratio of the frequency of the organized 
motion t o  the wave frequency versus the Reynolds number: 0, fL/fW; A, f,/fw. 

To show that the organized motions in the air flow, visualized as in figure 9, 
correspond to the organized motions detected by the above VITA technique, the 
number of appearances of the smoke bulges observed in the air flow was counted by 
eye as objectively as possible, playing each frame of the high-speed video pictures. 
The frequency of organized motions counted from the flow visualization in the air 
flow is shown by solid circles in figure 13, and it well agrees with the frequency 
detected by the VITA technique, f G .  This suggests that the visualized organized 
motion in the air flow is well detected by the present VlTA technique. 

It should be noted that fL andf,, increase in proportion to the square of u* in the 
weakly sheared region u* < 0.25 m/s as shown by a dashed line in figure 13, and the 
rate of increase decreases in the highly sheared region u* > 0.25 m/s. The 
proportionality in the weakly sheared region is in good agreement with the results of 
Rashidi & Banerjee (1990) and Rashidi, Hetsroni & Banerjee (1991) in an open- 
channel flow with a non-wavy sheared interface. This suggests that in the weakly 
sheared region with small waves the main mechanism of turbulence production is 
similar to the bursting phenomena found by Rashidi & Banerjee (1990), but in the 
highly sheared region with bigger waves the turbulence is generated by the waves as 
shown in figure 9. Therefore, the frequencies of the organized motions are not simple 
functions of u*. The decrease of the rate of increase of frequencies in the high-shear 
region may be attributed to the increased energy due to the speedup of the wind 
being mainly consumed by wave growth, and the energy transferring from the air 
flow to the water-side turbulence tends to saturate. 

For reference, the frequencies of the organized motions, normalized by the 
wavelength h and free-stream velocity Urn, are plotted in figure 14(a) against the 
Reynolds number based on the wavelength and the viscosity of the air. A behaviour 
similar to fG and fL in figure 13 is found. The frequencies normalized by the wave 
frequency fw are also plotted in figure 14(b)  against the Reynolds number. The 
frequencies of the organized motions are much larger than the wave frequency, which 
means that on average some of the organized motions intermittently occur above a 
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wave. In  particular, the value of f L / f w  a t  the maximum Reynolds number suggests 
that the surface-renewal motion has the scale of about one-twentieth that of the 
wave, as shown by the sketch in figure 9. 

3.3. Relationship between mass transfer and turbulence structure 
Komori et aE. (1989, 1990) and Komori (1991) have showed that the organized 
motions appearing in the interfacial region on the liquid side renew the interface and 
control the mass transfer in open-channel flows with zero-shear interfaces. Their 
experiments on the absorption for CO, and Ar gases also showed that the relation 
between the mass transfer velocity k ,  and surface-renewal frequency f L  on the liquid 
side is approximated by 

k ,  = O.34(DL fL)i, 

where D, is the molecular diffusivity of gas on the liquid side. The constant of 0.34 
will be discussed later through a surface-renewal model. When the organized motion 
induced on the water side renews the sheared interface in the present wind-wave 
tank, it will also control the mass transfer. To compare the present mass transfer 
velocity with that for the unsheared interface, the mass transfer velocity k ,  in figure 
8(a )  is replotted in figure 15 with the measurements for the unsheared interface of 
Komori et al. (1989, 1990) against the frequency of appearance of the surface-renewal 
motions induced in the water flow, fL. The measurements of k ,  for the sheared 
interface are approximately proportional to the root of f,, and they show the values 
close to (8) obtained for the unsheared interface (though the measurements are better 
approximated by lc, = O.29(DL f L ) i  as indicated by a dashed line in the figure). Here 
it should be noted that the present mass transfer measurements for the sheared 
interface were done only for CO,. Therefore the proportionality between k ,  and D i  
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was not experimentally conformed for the sheared interface. However, as shown 
below, the measurements of Komori (1991) for unsheared interfaces of C02-water 
and Ar-water show the same proportionality when the surface-renewal concept is 
appropriate . 

It is now interesting to discuss why k ,  in two different flows -with sheared and 
unsheared interfaces - is roughly approximated by the same relation (8). Inherently, 
(8) suggests that the surface-renewal concept is appropriate. According to an original 
surface-renewal model of Higbie (1935), the coefficient of (8) should, however, be 
equal to  unity, whereas the present value of 0.34 is much smaller. Banerjee (1991) 
suspected that this difference may be attributed to surface contamination or an error 
in counting fL by Komori et al. (1989, 1990) and Komori (1991), and he has developed 
a modified surface-renewal model based on the idea of turbulent patches in which the 
ratio of the turbulent patches to the total area is determined by experiments. On the 
other hand, Asher & Pankow (1991) have insisted that the surface-renewal model is 
approprkte for calculating k ,  only at a vacuum-cleaned interface by comparing their 
measurements with the Higbie’s model, and they suggested that the surface-renewal 
model may not be applicable to mass transfer across air-water interfaces in nature. 
However, it  is ambiguous to  discuss the validity of the surface-renewal concept only 
by comparing the measurements of k ,  with ‘the Higbie model ’ as in Asher & Pankow 
(1991), since the Higbie’s model is a crude one-dimensional model which cannot 
inherently describe convective surface-renewal motion. Further, Asher & Pankow 
measured the surface-renewal frequency by an uncertain conditionally averaging 
technique, and they have not compared k ,  for both clean and contaminated 
gas-liquid interfaces with more reliable frequencies such as an oscillating frequency 
of the turbulence grid. I n  practice, the surface-renewal motion is far from the ideal 
motion assumed in the Higbie’s model, and it is the vortical organized motion that 
intermittently appears at the gas-liquid interface. Thus, Fortescue & Pearson ( 1967) 
improved the crude Higbie model and proposed a two-dimensional eddy-cell model 
which an eddy cell periodically and continuously renews the free surface. However, 
their model does not include the time fraction of the surface renewal. That is, the 
surface-renewal organized motion does not continue to renew the free surface during 
the whole time, but only for a period. Therefore, we tried to add the effect of the time 
fraction to the eddy-cell model of Fortescue & Pearson (1967). 

According to the model of Fortescue & Pearson (1967), the velocity components of 
an eddy-cell are given by 

(9) u = Vsin ( x z / A )  cos (xy/A), u = - Vcos ( x z / A )  sin (xy/A), 

where V and A are the velocity and length scales of an eddy cell, respectively, and the 
coordinate system of an eddy cell is shown in figure 16. 

The steady mass transfer equation is given by 

u(ac/ax) + V(ac/ay) = ~ ~ a 2 c / a x 2  + a2c/ay2), (10) 

where C is the normalized concentration and D, is the molecular diffusivity of gas on 
the liquid side. The boundary conditions in figure 16 are given by 

C =  1 a t  y=O,  C = O  at y = A ,  aC/ax=O at x = O  and x = A .  

We numerically solved (10) by using a finite difference method with 100 x 100 grid 
points, and we computed the mass transfer coefficient k, from the concentration 
gradient at the free surface. The PBclet number, Pe = VA/DL,  was kept a t  100, 

(11) 
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FIGURE 16. Sketch of an eddy-cell model. 

because k, was almost independent of it for PBclet number larger than about 10. The 
computed k, was a function of the root of the product of the ratio of the velocity scale 
to length scale ( V / A )  and molecular diffusivity (DL) for a PBclet number greater than 
10 and it was given by 

k, = 0.9(DL V/A) i .  

The relation (12) is in good agreement with the calculation of Luk & Lee (1986). 
To consider the fraction of time that the surface renewal occurs, we assume that 

surface renewal occurs for the time of appearance of the organized motion at  the free 
surface and otherwise it stops. The time duration (presence time) of the surface 
renewal, T, is given by an empirical correlation of (6) for the present sheared interface 
and by the empirical formula 45v/u5 for the unsheared interface in an open-channel 
flow of Komori et al. (1989). Then, the time fraction, t*, is defined by the ratio of the 
total time duration (presence time) of the surface renewal to the total measurement 
time : 

t* = TfL, 

and Ic, is given by k, = 0.9t*(DL V / A ) i  (14) 
The idea of the time fraction may describe more realistically the effect of the surface- 
renewal motion than continuous surface renewal, and it may be close to the concept 
of turbulent patches of Banerjee (1991). 

The problem is how to determine V / A  in (14). Here, we tried two estimation 
methods. The first assumes that V / A  is proportional to the reciprocal of the time 
duration of the surface renewal a t  the free surface : 

V / A  = g/T ,  (15) 

where IT is a constant. When the surface-renewal eddy rotates fully once at  the free 
surface during a duration T, u is equal to unity. However, in practical turbulent 
flows, CT may not be always equal to unity, and it should be estimated by 
experiments. Unfortunately, it is so difficult to measure cr that we determined the 
value of CT = 0.4 by comparing the measurements of k, as a parameter. The second 
method uses the assumption that 

V / A  = fL. 
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FIGURE 17, Comparison between the predicted and measured k , :  A, 0 ,  comparisons between the 
predictions by the surface-renewal model using (15) and the measurements both in the present 
wind-wave tank with the sheared interface and in an open-channel flow with the unsheared 
interface (Komori et al. 1989), respectively; A, 0 ,  comparisons between the predictions by the 
surface-renewal model using (16) and the measurements both in the present wind-wave tank with 
the sheared interface and in an open-channel flow with the unsheared interface (Komori et al. 1989), 
respectively. 

Equation (16) means that a surface-renewal eddy is successively generated at 
frequency fL in the bulk flow and it appears at the free surface during the time 
duration T .  

Figure 17 shows comparisons between the model predictions of k ,  and the 
measurements for both sheared and unsheared interfaces. Predictions using both (15) 
and (16) agree comparatively well with the measurements both in the present wind- 
wave tank with the sheared interface and in the open-channel flow of Komori et al. 
(1  989) with the unsheared interface, and the agreement with the surface-renewal 
model based on (15) is especially remarkable. The results suggest that the surface- 
renewal concept is appropriate for both unsheared and sheared interfaces. The 
predictions can also suggest why k ,  is approximated by (8). Predictions of Ic ,  using 
both (15) and (16) are again shown in figure 15, together with the measurements. The 
predictions explain well the behaviour of Ic ,  against f,. The results also show that 
strictly E L  deviates from (8) for the sheared interface and so it is only an 
approximation. 

The above results show that the mass transfer is controlled by the liquid-side 
surface-renewal motion appearing at  the gas-liquid interface and it can be estimated 
by the surface-renewal eddy-cell model based on the time-fraction concept. The 
presence or absence of interfacial shear affects the values of the surface-renewal 
frequency and the time fraction of the surface renewal. Thus, in the present wind- 
wave tank, the surface-renewal motion is induced, through interfacial shear, in the 
water flow by the strong organized motion in the air flow, and the renewal motion 
controls the mass transfer across the sheared interface. The relation of k ,  to the 
friction velocity u* in figure 8 ( a )  can also be explained by the surface-renewal 
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FIGURE 18. Variation of the root of the surface-renewal frequency with the friction velocity. 

The line shows the best fit curve. 

concept of k ,  cc f!, together with the relation betweend and u* shown in figure IS. 
That is, fi increases in the region u* < 0.25 m/s, but its rate of increase decreases 
with increasing u* in the high-shear region u* > 0.25 m/s. This behaviour of f i  is 
quite similar to that of E L  in figure 8(a).  As discussed earlier, f i  in the high-shear 
region suggests that the energy transferring from the air flow to the turbulence in the 
water flow may tend to saturate. For the extremely high shear region beyond the 
present measurements, the waves will be broken and the number of smaller-scale 
surface-renewal motions may rapidly increase with u*. Also, many bubbles will be 
entrained into the water flow. Then, kL increases again, as shown by the jump in 
Merlivat & MBmery’s (1983), Wanninkhof & Bliven’s (1991) and our recent data. 
Though our experiments could not be carried out for extremely high shear because 
of the power limit of the wind fan, they suggest that  the mass transfer velocity should 
not be assumed to increase proportionally with the wind shear. Furthermore, most 
published studies have tried to find the correlation between the mass transfer 
velocity and the friction velocity or wind speed, but this study warns that we should 
concentrate on estimating the frequency of appearance of the surface-renewal 
motions which occur just below the air-water interface in practical flows and the 
presence time of the surface-renewal motions. If we can estimate the frequency of the 
surface-renewal motions in the interfacial region in an arbitrary flow with an 
air-water interface and their presence time by using a direct numerical simulation or 
a sophisticated experimental technique, we will be able to easily estimate the CO, 
transfer velocity from (14), regardless of whether the interface is sheared or 
unsheared. 

4. Conclusions 
The mass transfer mechanism across a sheared air-water interface without bubble 

entrainment due to intense wave breaking was experimentally investigated in 
relation to the organized motion in the interfacial region in a: wind-wave tank. The 
main results from this study can be summarized as follows. 

(i) The mass transfer across a sheared air-water interface is intensively promoted 
by wind shear. However, the effect of the wind shear tends to saturate in the high- 
shear region, and there the rate of increase of the mass transfer velocity decreases 
rapidly. The effect of wind shear on the mass transfer velocity can be explained by 
introducing the surface-renewal concept, that is, the frequency of appearance of 
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surface-renewal motions on the water side. The mass transfer velocity is 
approximately correlated with the root of the frequency of appearance of the surface- 
renewal motions in the water flow. The surface-renewal frequency increases with 
increasing wind shear, but in the high-shear region the rate of increase tends to 
decrease. This results in the observed behaviour of the relation between the mass 
transfer velocity and the wind shear. 

(ii) The organized motions in the air flow intermittently appear on the front of the 
wave crest and there they induce surface-renewal motions in the water flow through 
high shear stress on the interface. The surface-renewal motions control mass transfer 
across a wavy sheared gas-liquid interface. 

(iii) The mass transfer velocity can be well estimated by the surface-renewal eddy- 
cell model based on the concept of the time fraction of the surface renewal both for 
the sheared interface in the present wind-wave tank and for the unsheared interface 
in an open-channel flow of Komori et al. (1989), when the surface-renewal frequency 
and the time duration of the surface renewal are measured. 
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