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ABSTRACT 

Gas exchange and momentum transfer have been studied by means of a small circular wind- 
water tunnel. Gas transfer velocity and friction velocity first grow linearly with wind speed. At a 
critical wind speed, with the onset of rough waves, both increase abruptly. The experiments 
clearly show the enhancement of air-water excha!ge processes by waves. Experimental 
conditions were varied-nitrogen/carbon dioxide atmosphere, temperature, circulation of water 
unconfined/confined by a dam-and found to influence gas exchange. This, and the differing 
results of various authors demonstrate that gas exchange is not a function of wind speed alone, 
nor of friction velocity, but that further parameters, such as wave spectra, have to be considered 
as well. 

1. Introduction 
The transfer of gases of low to moderate 

solubility is controlled by diffusion through a thin 
boundary film in the liquid. It is primarily wind 
speed which controls the thickness of this film. The 
exact form, however, of the function gas exchange 
rate vs wind speed is not known up to now. 
Although laboratory experiments cannot directly 
be transferred to natural conditions, they allow 
specific investigation of the role of individual 
parameters and thus may lead to a better under- 
standing of the mechanisms controlling gas ex- 
change. 

Previous laboratory experiments were usually 
performed in linear wind-water tunnels (e.g. 
Downing and Truesdale, 1955; Kanwisher, 1963; 
Hoover and Berkshire, 1969; Liss, 1973; Broecker 
et al., 1978). Flothmann et al. (1979) reported first 
results obtained by means of a small circular wind- 
water set-up. We present here further results, 
including measurements of momentum transfer. 

2. Experimental techniques 
2.1. Circular wind-water tunnel 

The circular wind-water tunnel used in the 
present experiment (see Fig. 1) has a total diameter 

,of about 75 cm and contains an annular water 
channel of 10 cm depth, 10 cm width and 40 cm 
inner diameter. Wind is produced by means of a 
rotor with four blades arranged at right angles. 
The system is covered by a gas-tight container 
and flushed by a dry gas-nitrogen or carbon 
dioxide in the experiments described here. Total 
gas volume is about 150 1, water volume 11 1 
(for a water depth of 7 cm). The whole set-up is 
situated in a heat-insulated box which can be tem- 
perature controlled between 0 "C and 40 OC. Tem- 
peratures of water and gas are measured with 
platinum resistors. Wind speed is assumed to be 
equal to the velocity of the rotor blades above the 
center of the water channel. Water velocities are 
determined by means of a hot-film anemometer 
probe. 

As a result of circumferential continuity of the 
water surface the wave pattern and the wind profile 
are homogeneous along the channel, whereas in 
linear systems, hydrodynamic conditions-and 
therefore also gas exchange rate (H. C. Broecker, 
private communication)-change with fetch. Con- 
ditions of linear wind tunnels can partly be 
simulated in our system by introducing a dam into 
the water channel that acts as a beach. 

The specific geometry of our wind tunnel leads to 
centrifugal forces causing radial velocity compo- 
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Fig. I. Experimental set-up for gas exchange measurements with the circular wind-water tunnel. The container can be 
flushed both with dry nitrogen and CO,. 

nents near the interface, directed towards the center 
in the gas and outwards in the liquid phase. The 
velocity field is similar to that in a rotating fluid 
over a flat disc, described in Schlichting (1965). 
Above the viscous boundary layer in the order of 1 
mm thickness, measurements with a hot-wire 
anemometer probe show constant wind speed 
rather than a logarithmic wind profile. The helical 
water flow implies a steady surface renewal which 
may enhance gas transfer. 

2.2. Gas exchange 

velocity w (cm/s), defined by 
Gas exchange can be characterized by a transfer 

w =  j / A c  (1) 

Ac = concentration difference between two 
specified levels (moles/cm3); 
j = gas flux density (moles/cm2/s). 

In the present experiments, except those for zero 
wind speed, the bulk of the water can be assumed 
to be well mixed; furthermore, for CO, (the gas we 
used in our experiments) the transfer resistance 
essentially is situated in the liquid boundary layer, 
and the concentration gradient in the gas phase is 
negligible. Natural reference levels for the transfer 
velocity therefore are the bulk water and the very 
surface of the water which is in equilibrium with the 
gas phase, so that Ac = acg - c,. The change with 

time of the CO, concentration in the water is then 
given by 

dCW 

dt 
H - = ~(m, - c,) 

where 

H is the average depth of water (=volume/surface 
area); 
c, and c, are the concentration in bulk water and 
gas, respectively; and 
u is  the solubility of CO, in the water. 

We performed two types of gas exchange experi- 
ments using de-ionized water in all cases. For the 
euasion experiments water loaded with CO, was 
used and the chamber was flushed with nitrogen, a t  
a nitrogen flux large enough (3 to 60 l/min) so that 
the CO, concentration in the gas phase could be 
neglected (cg 0). The CO, content of the water 
then simply decreases exponentially with time 
towards zero: 
c = c e-"Q, w w i l  

with a decay time 

to = H / w .  (3) 
In a few experiments gas invasion was studied. 
The water was initially C02-free (c,(l = 0) = 0), 
while the chamber was filled with pure CO,, so that 

c, = U .  c, (1 - e-""). 
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So, by measuring c ,  as a function of time, the 
transfer velocity w can be determined from eq. (3) 
both, for evasion and invasion. 

The CO, concentration was determined by 
measuring the electrical conductivity which is pro- 
portional to c:’. This follows from the chemical 
equilibrium [HCO;] - [H+l = k ,  . [CO,] and the 
charge neutrality, [H+l 2 [HCO;] since pH 5 5.5 
at  the CO, concentration used. From this we obtain 
[H+I2 = k ,  [CO,]. The conductivity is proportional 
to [H+] and therefore to [C0,]1/2. In de-ionized 
water and for the relatively high CO, concentration 
the amounts of bicarbonate and carbonate ions are 
negligible compared to the physically dissolved 
carbon dioxide, and we need not consider them for 
determining the transfer velocity (Bolin, 1960; 
Skirrow, 1975). 

2.3. Momentum transfer 
Momentum transfer was measured in the follow- 

ing way. Wind stress on the surface causes a drift 
velocity of the bulk of the water, and momentum 
conservation is given by 

- A ,  r, - A ,  r, d p b  A S H  -- 
dt 

where ub is the bulk velocity of water, p is the 
density of water, A,, A ,  are the area of water 
surface and of walls, respectively, and r,, r, are the 
shear stress on water surface and walls, respec- 
tively. 

A ,  rs is the momentum influx from gas to water, 
A ,  rw is the outflux to the channel walls, and both 
are equal at steady state. When the wind is turned 
off, say at  time 0, wind stress decreases abruptly 
from rs to zero, and we have 

dub r, = r,(t = 0) A, /A,  = Hp - 
dt 

( t  = 0)  (4) 

from which the friction velocity in the water u+ = a is found. Our velocity measurements are not 
very accurate, so the absolute values for u+ may 
have an appreciable error. 

2.4. Wave pattern 
For studying the wave pattern a H e N e  laser 

was mounted below the channel, the beam of which 
penetrates the water vertically and is refracted at 
the surface. The horizontal deflexion of the beam, 
observed on a screen in the top cover of the 

chamber, is proportional to the slope of the 
surface. So far, only qualitative observations have 
been possible, but the method will be developed for 
the determination of wave spectra. 

3. Results 

3.1. Gas exchange with water, momentum transfer 
The transfer velocities as a function of wind 

speed obtained for different experimental con- 
ditions are summarized in Figs. 2 to 4. Different 
experimental conditions lead to distinctly different 
results. A quantitative explanation of the results is 
not yet possible at this stage; they will be discussed 
in qualitative terms, and the findings may indicate 
the direction for further research. 

In evasion experiments the gas exchange rate 
increases linearly with wind speed up to about 8 
m/s (Fig. 2). At this wind speed, the transfer 
velocity jumps abruptly by about a factor 5 and 
then increases further very rapidly with wind speed, 
again more or less linearly within the error limits 
(Fig. 3). Parallel to the discontinuity in gas 
exchange a distinct change in the wave pattern is 
observed, from no waves or small, regular waves 
(wavelength several cm, amplitude 5 0.2 cm) to 
rough, rippled, irregular waves with amplitudes up 
to several cm (see Figs. 7, 8). In a few runs just 
below the critical wind speed, the wave pattern was 
unstable, changing from a smooth to a rough 
surface; the gas exchange rate varied correspon- 
dingly. 

Friction velocity, like gas transfer velocity 
increases proportionally (Fig. 5 )  to wind speed up 
to a critical wind, and much faster beyond this (see 
also next paragraph). The highest observed friction 
velocity (in water) was about 15 cm/s at a wind 
speed of 10.9 m/s. The corresponding bulk water 
velocity was nearly 40% of the wind velocity, while 
below the jump the water moved at only about 3- 
4% of the wind speed. Interestingly, the wind- 
water velocity different AU was approximately 
constant, about 7.3 m/s above the jump. This 
shows the fast growth of wind-water-coupling. The 
drag coefficient measured at 0.1 m height C0,, = 
(u,,/u), has a constant value of 6.3 x lo-’ for 
small wind velocities. Beyond the discontinuity it 
increases rapidly up to 170 x lo-’. 

When changing from evasion to invasion, i.e. 
from a nitrogen to a carbon dioxide atmosphere, the 
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Fig. 2 .  COz-gas transfer velocity at low wind speed, 
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at 20 OC. Straight lines are least square fits of the data. 
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Fig. 3. COz-gas transfer velocity at high wind speed for 
the same experimental conditions as in Fig. 2. A periodic 
change of the wave pattern from rough to smooth surface 
was observed at the filled points. 
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Fig. 4 .  Effect of fetch: Evasion results with water 
channel parted by a dam. Compared with results 
obtained with unconfined water channel and data of H. 
Ch. Broecker (1978) obtained in a linear wind-water 
tunnel. 
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Fig. 5 .  Friction velocity u* as a function of wind speed in 
the evasion experiments at 20 "C. Compare Fig. 3 for the 
gas exchange values at the same experimental con- 
ditions. Straight line theoretical values for smooth 
surface (see text). 
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Fig. 6. Gas transfer as a function of friction velocity, as obtained by different authors. Friction velocity for the data of 
Liss as indicated by Deacon (1977), and personal communication by Broecker for his data. The gas transfer values of 
Liss were measured with oxygen. Straight lines: Theoretical results according to Miinnich and Flothmann (1975) and 
Deacon (1977) indicated by MF and D, respectively. 

Figs. 7 and 8. Photographs of the deviation of a helium-neon-laser beam through the inclination of the water surface 
by waves just before (Fig. 7, 7.8 m/s wind) and beyond (Fig. 8,8.0 m/s) the discontinuity. Exposure time is 10 s, scale 
units 5 O ,  x-axis parallel to wind, blowing from left to right. 

discontinuity occurs already at AU 6.0 m/s appears at the same wind speed at 4 "C as it does 
instead of 7.3 m/s. No significant effect of water at 20°C (with a nitrogen atmosphere in either 
temperature is found; a rough wave pattern case). One possible explanation for the dis- 
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continuity is the appearance of a Kelvin-Helmholtz 
instability (Lamb, 1932) which is expected to occur 
at a critical relative velocity 

AUcdt = ( 2 / ~ ~ ) ’ / ~  (gp, (5) 

where p8, pw are densities of gas and water, g in the 
gravitational acceleration, and u is the surface 
tension. The calculated critical velocities are 6.8 
m/s for nitrogen and water, and 5.4 m/s for CO, 
and water, respectively. The agreement with the 
experimental values is reasonable, mainly when 
considering that the actual wind velocity may be 
slightly smaller than the indicated value valid for 
the rotor blades. Eq. (5) gives a 2 %  lower critical 
velocity at 4 OC than at 20 O C ,  which is not in con- 
flict with observation within the experimental 
uncertainty. This agreement is, however, no proof 
that we actually observe a Kelvin-Helmholtz type 
instability. The results are compatible, too, with the 
hypothesis of a definite critical shear stress, for 
which, by means of eq. (7) below, we calculate a 
critical wind velocity ratio of 0.83 for a CO, and a 
N, atmosphere. Experimentally we find a value of 
0.82. The experimental data are not sufficient to 
determinate the nature of the discontinuity. 

Francis (1949) studied wave formation in an- 
nular channels of different sizes similar to ours. He 
found that “there is an abrupt change of state of the 
waves at some limiting velocity in the range 24-27 
feet/s (7.3-8.2 m/s), when the waves become rough 
and rippled”, which was obviously the same 
phenomena we are observing. 

Wu (1969) analysed oceanic data and found a 
discontinuity in drag coefficient and surface rough- 
ness at a wind velocity of 15 m/s, measured at 10 
m height. He suggested a different explanation for 
that discontinuity, namely an increase in the wind 
velocity beyond the average wave phase velocity. 

At zero wind speed, gas exchange is appreciably 
faster than for pure molecular diffusion into or out 
of the liquid. By surface cooling, evaporation leads 
to  a gravity instable surface layer and thus induces 
convection (Flothmann et al., 1979). The very low 
gas exchange observed at T = 4 “C, where the 
water density has its maximum and where thus 
dp/dT = 0, supports this explanation. For invasion 
experiments at zero wind speed we find a higher gas 
exchange rate than for evasion. This is probably 
also due to an unstable stratification. A density 
measurement of water saturated with C O ,  at 1 
atm., 2 0 ° C ,  in fact showed a density increase of 

0.04 & 0.01%, equivalent in size with a 2 OC lower 
temperature. 

3.2. Alcohol-water mixtures 
Bohr (1900) reports that CO, transfer is several 

times higher in ethanol than it is in water. We did 
evasion experiments with an ethanol-water mixture 
(8% ethanol by weight) and found 3 to 20 times 
larger CO, transfer velocities than with pure water. 
Rough, irregular waves appeared already at about 
2-3 m/s wind; no drastic change in the wave 
pattern was found with increasing wind. So far, 
however, we have not been able to get reproducible 
results with an alcohol-water mixture. 

There are various possible reasons for the 
difference between water and the ethanol-water 
mixture. The formation of capillary waves depends 
on surface tension. An 8 %  ethanol solution has a 
surface tension of 50 dynes/cm instead of 72  
dynes/cm for pure water which may be a reason 
for the earlier occurrence of waves and the higher 
gas exchange values. 

In addition the evaporation rate is higher for the 
alcohol-water mixture because of the higher vapor 
pressure which leads to a greater evaporation- 
induced instability. This effect is further increased 
by the occurrence of a concentration gradient near 
the surface due to preferential evaporation of 
ethanol. 

3.3. Experiments with1 finite fetch 
When the water in the channel is divided by a 

beach, rough waves appear already at 3 m/s, and 
the transfer velocity as a function of wind speed 
exhibits no further jump, but is similar as observed 
in linear channels (Kanwisher, 1963; Broecker et 
al., 1978) (Fig. 4). This can be interpreted such that 
when fetch is limited, wave formation (and, there- 
fore, a marked rise in gas exchange) occurs for 
lower wind velocities than in the unconfined 
circular channel. The same is true under natural 
conditions and has been explained by considering 
the influence of pressure fluctuations and viscosity 
(Phillips, 1957; Miles, 1957). The reason why the 
water surface is more stable against wave for- 
mation in the undivided circular channel is not yet 
clear. Possibly, it is because here, the water can 
circulate freely, while the distuibance of the flow 
with a beach or in a linear set-up may lead to an 
earlier appearance of waves. Rotational forces may 
also be of influence in the circular system. 
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4. Comparison with models 

4.1. Gas transfer 
Theoretical approaches have been presented by 

Munnich and Flothmann (1975) and by Deacon 
(1977), linking gas exchange to momentum transfer 
on the basis of the universal velocity profile over a 
hydrodynamically smooth surface. Both models 
predict that transfer velocity w is proportional to 
friction velocity and can be represented by 

p is a constant, D diffusivity v kinematic viscosity, 
and u+, friction velocity in water. Munnich and 
Flothmann fitted the sub-logarithmic part of the 
universal profile by a surface-renewal model 
(Danckwerts, 1970) and obtained n = 1/2 and /3 = 
16. For Schmidt numbers v/D > 10 Deacon gave a 
somewhat different relation which can be approxi- 
mated well by eq. (6) with n = 0.67 and /3 = 12.2. 
Our evasion results at 2OoC without beach 
(friction velocity was measured only for these 
conditions) are compared with both models in Fig. 
6. 

Our experiments a t  different temperatures allow 
us to compute the exponent n in eq. (5). For CO, in 
water, D / v  changes by a factor of 2.43 k 0.12 from 
4 to 20 OC, and the ratio of slopes (dwldu) for low 
wind velocities and smooth surface (for which the 
models are only appreciable) is 1.44 & 0.1 1 (Fig. 2) 
which corresponds to n = 0.41 k 0.09. Slopes are 
considered instead of absolute values because the 
non-zero transfer velocity at u = 0 is probably 
caused by an independent mechanism such as 
evaporation cooling. Taking absolute values 
instead of slopes would give an even smaller value. 
The exponent n = 1/2 assumed by Munnich and 
Flothmann therefore agrees with these experi- 
mental results, whereas Deacon's model better 
reproduces the absolute values (see Fig. 6). 

The data of Broecker et al. (1978) and Liss 
(1973) are also shown in Fig. 6.  At constant u+, 
the gas transfer velocity data differ by up to one 
order of magnitude for different experimental con- 
ditions, so friction velocity alone is not sufficient to 
describe gas exchange, and other factors must also 
be taken into account. In our results, there is a dis- 
continuity in the relation between w and u+, the 
ratio w/u,  being higher by a factor 3 above the 

critical wind speed than below. Above the discon- 
tinuity there must be an additional process for mass 
transfer by which momentum transfer is not (or 
less) affected. Presumably this additional mechan- 
ism is. related to the formation of capillary waves. 
This idea is supported by the findings of Kanwisher 
(1963) and Broecker et al. (1978) who both 
reported that a marked effect of wind velocity on 
gas exchange began only above some critical 
velocity where also capillary waves commenced. 
McIntyre (1971) proposed enhancement of gas 
transfer due to surface dilatation by ripples. This 
however can probably not fully explain the high gas 
transfer rates. 

4.2. Friction velocity 
Munnich and Flothmann (1975) showed that the 

universal velocity profile near a smooth wall, in the 
sublogarithmic range, can be fitted by 

u(z) = p. u*. ( I  - e-21;) 

where i is/3.v/u*. Since the'wind velocity is con- 
stant in our channel above the viscous boundary 
layer, we can apply this velocity law to deter- 
mine the friction velocity in air as a function of 
wind speed u, : 

u*, = u,lP 

u * w  = \/p,/pw u*t (7) 

With 

one obtains for the friction velocity in water u + ~  = 
2.2 u, which is about 20% less than observed 
experimentally for the smooth surface up to the dis- 
continuity. To see a possible influence of centri- 
fugal forces for momentum transfer, we calculated 
the torque exerted on a fluid by a rotating disc 
according to Schlichting (1965). From his results 
we obtain a corresponding shear stress pro- 
portional to p .  v' '~.  ug5 and for the friction velocity 
u+ = c. u2g with c = 4.2. lo-) (cm/s)O.*. 

This is a nearly linear relation, and for u, = 5 
m/s we get u* = 1.1 cm/sec or 20% less than the 
experiment. Both theoretical approaches give iden- 
tical results. This could mean that the centrifugal 
forces do not seriously influence momentum 
transfer through the viscous sublayer. One would 
then expect little influence on gas transfer as weil. 

In invasion experiments with a CO, atmos- 
phere u+, is expected to be 1.20 times higher than 
with an N, atmosphere (evasion) and at same wind 
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speed (see eq. (7)). This is essentially because of the 
higher density of CO,. One finds in fact a slope of 
gas transfer velocity against wind speed 1.19 f 
0.05 times higher for invasion than for evasion (see 
Fig. 2) as predicted by eq. (6). The discussion 
shows that the experimental results below the dis- 
continuity are well predicted by theory assuming 
a smooth water surface. Beyond the discontinuity, 
the surface is rough and momentum transfer is 
enhanced by pressure forces. 

5. Conclusions 

Gas transfer depends strongly on the wind 
velocity, but a unique relationship obviously does 
not exist, neither with wind velocity directly nor 
with friction velocity. From hydrodynamics, gas 
transfer velocity w should be considered as a func- 
tion of friction velocity u+ rather than of wind 
speed. For a smooth surface, models relating w to 
U, describe reasonably well the observations. Our 
results further clearly show the importance of wave 
formation. Wind induced waves, particularly those 
of short wavelength and high slope, obviously 
enhance surface renewal. Therefore phenomena 
such as surface roughness and wave spectra must 
also be considered for understanding gas transfer. 

The observed discontinuity in the plot of transfer 
velocity against friction velocity (Fig. 6) shows that 

there are at least two regimes governed by different 
mechanisms. The nature of the discontinuity and 
the rapid increase of transfer rates beyond it are 
only partly understood so far. 

Data comparison shows the strong influence of 
the specific experimental conditions. Obviously, 
laboratory results cannot simply be applied to 
natural conditions until the relevant processes are 
better understood. Most probably in nature gas 
transfer increases more than proportional with 
wind speed, although the often quoted, quadratic 
relation cannot be inferred from the available data. 
Laboratory experiments predict a numerical value 
for the ratio of gas transfer velocity w to friction 
velocity from 1 .  (smooth) to 1 . (rough 
sea) for CO, at 2OOC.  (For other gases and tem- 
peratures one will get slightly different values 
according to eq. (6).) This does not include possible 
effects of spray and gas bubbles for strong winds. 
Detailed studies, both in the laboratory and in the 
field (Roether and Kromer, 1978; Peng et al., 1979) 
are necessary for a better understanding of gas 
exchange. 
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M3MEPEHMR O6MEHA TA30M M KOJIMYECTBOM ABMXEHMR B UMPKYJMPHOfl 
A3POAMHAM M Y ECKOfl TPYEE 

n ~ c b - a ~ o ~ ~ o - y m e ~ u c n a ~ ~  aTMoci$epa, TeMneparypa, 
UUpKyJTIILlUR BOAbl, 6eCnpeIIRTCTBeHHa5l U C ripe- 
IlllTCTBUeM B BUAe nnOTUHbl-U 6blnO HafineHO, YTO 
npK3TOM ra3006MeH MeHRnCII. 3 1 H  U pa3nUYHble pe- 
3ynbTaTbl ApyrUX aBTOpOB IlOKa3blBaWT, YTO ra3006- 
MeH He RBnReTCR l$YHKUUefi TOnbKO CKOPOCTH XTpa 

TaKHe. KaK CneKTpbl BOJIH, AOSIXHbI 6blTb TaKXe 
PaCCMOTpeHbl. 

unu CKOPOCTU TpeHun, HO wo H npyrue napaMerpbi, 
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