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Abstract-The influence of surface motion on liquid phase controlled mass transfer is reviewed. The influence
ofsurface waves and water drift current on air-water exchange was explored theoretically and experimentally,
in a laboratory wind-wave facility. The results were analyzed by a surface renewal model. It was found that
capillary waves contributed significantly to the enhancement of mass transfer rates at low water friction
velocities (for U: ~ 1.5ern S-I). At higher friction velocities, the rather spectacularincrease in mass transfer
was associated primarily with the turbulent water drift current. A convenient correlation is proposed for the
liquid phase mass transfer coefficient with the water side friction velocity as the only hydrodynamic parameter.

This correlation describes both laboratory and in situ data satisfactorily.

I. Il'iTRODUCfIO;-';

(1) One or both phases moving with a hydrodynami
cally smooth interface.

(2) Mechanically generated instabilities on a
stationary or moving liquid phase.

(3) Mechanically generated waves.
(4) Waves and drift current in the liquid phase

induced by a co-current turbulent gas flow.

WI) vorticity tensor

w2 mean square vorticity

The last category is of particular interest in industrial
two phase flow operations as well as in natural water
bodies. For example, gas flow induced waves and
currents occur in annular and stratified two phase flow
in pipes [1], vertical and horizontal film evaporators
and gas-liquid separators [1]. Moreover, gas flow
induced waves may occur locally in two phase flow
situations even though the wavy nature of the flow may
not be apparent macroscopically. Finally, surface
waves (known as wind waves) are a usual occurrence in
environmental water bodies.

In the past, a limited number of studies on the influ
ence of flow induced surface waves on mass transfer
have dealt with either thin liquid films, or deep liquid
bodies. In the case ofthin films,a strong interaction be
tween the wall bounded and free surface shear flows
is expected since the induced current extends to several
centimeters below the interface. Consequently, the
uncoupled effectof the surface region is not understood
[2]. Studies on mass transfer in deep water bodies are
ideal for elucidating the role of surface waves; hence
environmental transport rates.

STUDIES which consider the effectof surface motion and
the hydrodynamic interaction offiowing gas and liquid
phases on liquid phase controlled mass transfer can be
divided into four categories:
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constant in equation (24)
wave amplitude
scaling constants in equations (14), (18)
and (20), respectively
scaling constant in equation (14)
wind stress coefficient defined by equ
ation (26)
molecular mass diffusivity
rate of strain tensor
mean rate of strain due to the wind stress
mean rate of strain induced by waves
von Karman constant, equation (22)
liquid side mass transfer coefficient
Kolomogorov eddy length scale
surface renewal rate
Schmidt number, v[D
velocity
wind velocity measured at a height of 10
em or 10 m in the laboratory and ill situ,
respectively
friction velocity (air side)
friction velocity (water side)
root mean square of the velocity
fluctuations
distance below the water surface
distance above the water surface
roughness height, air side
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Greek symbols
e rate of turbulent energy dissipation
ed'es' /;w contributions of drift current, mechanical

mixing and surface waves to the rate of
turbulent energy dissipation, respectively
radian wave number, 2rr/wavelength
kinematic viscosity
kinematic viscosities of air and water
densities of air and water
radian frequency, 2n/wave period
interfacial shear stress
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Theoretical predictions of the liqu id phase mass
transfer coefficient, K L , at natural air-water interfaces
have been based upon either momentum-mass
transport analogies [2-5] or roll cell models [6].
Predictions based on the above methods do not
quantitatively portray the variation of KL with wind
speed for laboratory and field data. In addition, the
correlations which have been proposed [3-10] have
not been rigorously tested over a wide range of
conditions. Consequently, there is a need for improving
our understanding of mass transfer across wavy
sheared gas-liquid interfaces.

In this work, results from a laboratory air-water
wind-wave tank are used to investigate the dep endence
of the liquid side mass transfer coefficient on wind
waves and induced water currents.

1.1. Willd wal'~s: effect ofmass transfer
The term 'wind-waves' refers to the wave field

generated by the llow of an air stream over a water
body. Here the attention is restricted to mass transfer in
water bodies that are at least 1 It deep, as opposed to the
thin films mentioned previously.

The effect of wind-water interaction on gas
absorption in laboratory wind-wave tanks and ill situ
(lakes, oceans) has been studied by several researchers
[5, 7-19]. These authors generally reported the
experimental mass transfer coefficients as a function of
the wind velocity U10 measured at a height of 10 m (for
ill situ studies) or 10 em (laboratory wind-wave tanks)
above the water surface. As an illustration the results
from several studies are shown in Fig. 1. (Some data
points have been omitted for clarity.) The noticeable
feature is the substantial increase in the liquid side mass

transfer coefficient, KL> by as much as an order of
magnitude, in the wind velocity range from 3 to about
10 m s -I. In this region there is an appreciable wave
growth and the air llow is aerodynamically rough [20
26]. The corresponding increase in the surface area is
believed to be much less than 50% [4,5,7,24]. Hence,
the surface area increase alone cannot account for the
dramatic mass transfer enhancement.

A consistent feature ofthe existing studies to date on
the role of wind-water interaction on gas exchange is
the significant scatter in the reported data (see Fig. 1,
also refs. [27, 18]). Evidently the wind velocity is not a
sufficient correlating parameter as has been pointed out
in several recent studies [3-7].

Above a wind velocity of about 10 m s-1, wave
breaking may occur [20-22, 24-26]. A further increase
in KL is expected due to the enhanced mixing of the
surface region [5, 7, 25, 26], bubble entrainment, the
presence of spray and the disintegration of wave crests
[5,7]. Experimental mass transfer data is lacking in the
breaking wave regime. Therefore, the effect of breaking
waves cannot be quantitatively assessed at the present
time.

In this study the role of breaking wa ves in gas
absorption is not considered since significant wave
breaking was not encountered at the range of wind
speeds considered here. The present study deals only
with the effect of non-breaking waves and wind
induced water currents.

A discussion of the complex wind-water interaction
and the resulting effect on the aqueous phase
hydrodynamics is beyond the scope of this paper.
Detailed discussion of this topic may be found
elsewhere [20-26].
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It can be shown [24, 21, 34] that the generation of
vorticity is principally due to the following contri
butions to the rate ofstrain, Eij: (i)(ei)Tthe mean rate of
strain induced by the wave, and (ii)(ei)s, the mean rate
of strain due to the wind stress on the liquid surface. The
rate of strain tensor may be approximated by a linear
combination of the above two contributions

2. TilE PROPOSED SURFACE RENEWAL

CORRELATION

The separate effectsof waves and interfacial shear on
K L were considered by Banerjee et al. [28,29] for thin
liquid films by using a simple surface renewal model
[30]. In this work, the combined effect of wind
generated waves and water drift current on K L is
explored by using a similar surface renewal model.

According to the surface renewal model, the liquid
side mass transfer coefficient is given by

Eij = (ei)s+(eijh.

Hence equation (7) can be expressed as

(10)

(1)

wheres is the rate ofsurface renewal. Therenewal rate, s,
may be related to the eddy frequency by [31]

s GC vii, (2)

(11)

The first term on the LHS of equation (11) can be
estimated by

in which I: is the rate ofenergy dissipation per unit mass
at the Kolmogorov microscale. By combining
equations (lH4), the following expression is obtained
for K L :

in which v may be taken to be the RMS velocity
fluctuation perpendicular to the interface in the
interfacial region. The parameter I is the mixing length
which characterizes the mass transfer process.

If it is assumed that the rate of mass transfer is
controlled by diffusion into the smallest eddies, then I
and v may be approximated by the Kolmogorov
microscales [32],

(12)

in which U is the local velocity ofthe drift current and y
is the vertical distance below the interface. The second
term on the LHS of equation (11) can be estimated
based on the analysis of Phillips [34] which considered
the wave to be a progressive sinusoid [24, 26, 34].
According to this model, to within an order of
magnitude the second term in equation (11) can be
approximated by

wjwiei)r ~ w2(A2K2a)e-kY, (13)

in which A is the wave amplitude, and K and a are the
radian wave number and frequency, respectively.
Equations (IOH13) can be combined to yield the

following expression for w2 :(5)

(3)

(4)

v = (\'1:)1/4,

1= (y3/1:}1/4,

If local isotropy is assumed then it can be shown that
[24,34]

(14)

(17)

in which a' and b' are scaling constants. The local rate of
energy dissipation can be expressed via equations (14)
and (6)as

I: = -{a'e~Y+b'A4
,,4a2 e- 2 k Y

} (15)

For the purpose of calculating the mass transfer
coefficient, the value of the rate of energy dissipation at
the surface region is required. Near the surface e- ky -+ 1
[24,35]. Hence, equation (15) simplifies to yield

I: = -{a'(~~Y+b'A
4

K
4
a

2
} (16)

The velocity gradient at the surface can be written as

au r w/p (U:;)2
ay = --y-= --v-

in which f w is the wind stress on the water surface and
U:; is the water side friction velocity.This suggests that
as an approximation the average velocity gradient in
the surface region can be scaled with the friction

velocity U:;. Consequently aulay in the surface region(9)

(8)

(7)

(6)

--E- (2)3/2
Cl)iWj ij -., W •

Hence

where a is a scaling constant which according to the
small eddy roll cell model [33] is about 0.4 for a free
surface. In order to utilize equation (5), the rate of
energy dissipation, 1:, may be calculated from the
relation [32]

where w2 is the mean square vorticity just outside the
viscous sublayer at the interface. Equation (6) is
consistent with the assumption that the isotropic
Kolmogorov scale eddies are responsible for much of

the viscous dissipation. The mean square vorticity, w 2

can be estimated from the time averaged vorticity
equation [32]. In the absence of secondary flows and
acceleration effects, the generation of vorticity is
balanced by the viscous dissipation,
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may be written as

au ,,(UW
-=-a --ay v

(18)

concentration. Experimental runs were carried out for
wind speeds ranging from 0 to 11.6 m S-I at stirring
speeds of 0 and 540 rpm. Details of the experimental
technique and analysis can be found elsewhere [7, 36].

3. EXPERIl\1E!'oTAL

in which ao is a scaling constant equal to a'(a")2.
Equations (19H21) constitute the proposed corre
lation for K L with the scaling parameters a,ao and b' to
be determined empiricaIly.

where a" is a scaling constant.
The resulting expression for KL is obtained by

combining equations (5), (16) and (18),

KL = aSc- I/2[v(ed+ ew+ es)] I/4, (19)

in which ed'ew and e, are the individual contributions to
the total rate of energy dissipation near the surface (e),
associated with the drift current, wave field and
mechanical mixing, respectively. The parameters edand
ew are defined by

(23)

(22)

( )

1/ 2

U: = :: U:,

3.1. Results: hydrodynamic parameters

3.1.1. Velocity profiles. The wind velocity profiles
followed the turbulent logarithmic velocity profile [7],

U* Z
U=_a In-

k Zo

where U: and Zo are the friction velocity and effective
roughness height (air side) respectively, Z is the vertical
distance above the water surface and k is the von
Karman constant, taken to be 0.4 [20]. The values of
U: for various wind speedsfor this facility [7J were used
to determine U:., the water side friction velocity,
assuming stress continuity at the interface [37, 38],

in which Pa and Pw are the air and water densities
respectively.

(20)

(21)

ed = ao(U:f/v,

ew = b'vA4 K 4(j 2 ,

The study was conducted in a wind-wave tank, which
has been described previously [7]. The water tank was
240 em long, 60em deep and 60 cm wide. A wind tunnel,
5.65 m in length and 60 x 60 em cross-section, was
mounted over the water tank, such that the air flow
joined the water surface tangentiaIly. The air flow was
produced by an Aerovent (LS-248) orifice ring fan
mounted at the downwind end of the tunnel. Screens
and grids of thin waIled tubes were placed at the
downwind and upwind sections of the tunnel
respectively, in order to eliminate the swirl motion
produced by the fan, and ensure a uniform velocity
distribution. A metal screen was placed at the down
wind end of the tank to minimize wave reflection.

The water level in the tank was maintained by a
constant water level device [36] which enabled the
measurement of water evaporation. Provisions were
made for stirring the water phase with two Lightnin
(model 806) stirrers, positioned symmetricaIly, one at
each end of the tank with the impeIlers at a depth of
40cm.

Local wind velocity profiles along the wind-wave
tank were measured using a pitot-statictube ofPrandtI
design which was mounted on a motor driven
traversing mechanism. The wave period and height
records were obtained using a resistance probe [7, 24]
and recorded using a Beckman (Offner RS) os
ciIlograph. The wavelength records were determined
photographicaIly and analyzed via a semi-automatic
'Datalogger'system.

The study ofliquid phase controIled mass transfer in
the present facility has been previously reported [7].
The unsteady state volatilization of either benzene or
toluene (previously dissolved in the water tank) was
foIlowed by monitoring the aqueous hydrocarbon

3.1.2. Wave properties. The wave properties, wave
height, wave period and amplitude were measured at
different stations along the wave tank. These results
were then used to determine the average wave
properties for the length of the tank. The averaging
procedure was done only for the dominant waves, these
being the waves having amplitudes at least 10% of the
largest waves encountered. The wave properties are
given in Fig. 2 as a function of wind speed (U 10)'Wave
measurements were not carried out for wind speeds
higher than 9.02 m s-lowing to the limitations of the
resistance wave probe. It is emphasized that because of
the limited length of the wave tank, fuIly developed
gravity waves were not encountered [20-26]. The wave
properties reported in the present study are in
reasonable agreement with the studies of Hidy and
Plate [22] and Schwartz and Marchello [23] for the
equivalent fetch.

4. DISCUSSION

It was pointed out byCohenetal. [7] that the effectof
mechanical stirring is to introduce a fairly constant
addition to the mass transfer coefficient as a function of
rpm. If the smaIl eddy model [equation (5)] is applied at
zero wind speed, the rate of energy dissipation e, due to
stirring is 1.88 x 10- 4 em? S-3. This contribution to
the total rate ofenergy dissipation was less than 15%for
wind velocities above approximately 300 em S-I.

With the above value of es, the dependence of the
group K LSCI / 2 on the rate of energy dissipation due to
stirring and the wave field was first investigated. The
variation of KLScl/2 with the group [v(ew+es)]I/4 in
which h' [equation (21)] was taken to be unity, is
illustrated in Fig. 3. Below a wind velocity of about
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FIG. 2. Variation of wave properties with wind speed [36].

FIG. 3. The dependence of K L on the rate of energy dissipation
due to wave field and mechanical stirring.

400 cm s- I, a linear relationship holds with a slope of
-0.4 consistent with the value predicted by the small
eddy model [sec equation (5)].

It must be emphasized that the mass transfer
coefficient is not very sensitive to small changes in the
rate of energy dissipation due to the 1/4 power
dependence on e [equation (19)]. For example, a 50%
error in estimating ew at a wind speed of 300 cm S-1

results in only a 10% error in predicting the mass
transfer coefficient when a value of 0.4 is used for the
constant a in equation (19). Hence it appears that a
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value of unity for b' [equation (21)], and 0.4 for a
[equation (19)] are reasonable for the purpose of
correlating the data at low wind velocities.

Above a wind velocity of about 400 em S-1 the mass
transfer coefficient increases rapidly (Fig. 3).At the high
wind speeds when only the wave field contribution is
considered, the small eddy model does not predict K L•

In order to extend the correlation to higher wind
velocities, the rate of energy dissipation associated with
the drift current has to be included. Since the scaling
constant ao [equation (20)] is unknown, this task was
carried out empirically by fitting equation (19) to the
mass transfer data of Cohen et al. [7]. This procedure
resulted in a value of3.25 x 10-4 for the parameter ao.
The average error in the fit of the correlation with the
above value for aoand the values of 1.0and 0.4for b' and
a respectively, was 5.5%.

The contribution of the wave field to the total rate of
energy dissipation can be determined using the
empirical value of ao.This is shown in Fig. 4 where the
fractional contribution of ew (e,,/[ew +ed] ) is plotted vs
the water side friction velocity, U:. The wave field
contribution is most important at low wind speeds
where the drift current is weak, and is negligible at high
wind speeds where the turbulent energy dissipation is
associated primarily with the turbulent drift current.

It was found that ew varies approximately linearly
with U: while ed varies as U:'.Hence the contribution
of ed increases more rapidly with U:. Moreover, since
U: - U~<i, then ed - u10 and ew - Ul<i. Hence, ew/sd
- U 10

4
•
5

• This behavior indicates a rapid decline in the
importance of the wave field contribution to 1:, and a
greater dependence on the induced drift current and
thus, a linear dependence of K Lon U: as the wind speed
increases. The contribution of Sw ranges from about 45
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50,--- - - - - - - - - - - - - --,

Flo.4. The contribution (per cent) of the wavefield10 the total
rate of turbulent energy dissipation.

to 1% for the wind velocity range 3-9 m S-I. This is
consistent with the conclusion ofWu [20], Stewart and
Grant [39], and Snyder et al. [40] that about 5-40% of
the total momentum flux from the wind is taken up by
the wave field.

The role of breakingwaves was not considered in this
study. Also the current analysis did not allow for any
possible interactions between capillary waves and the
water drift current. For example, it is known that
curvature in the flow direction enhances turbulence
[41]. An investigation of the possible significance of
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breaking waves and wave drift current interactions on
gas absorption is currently underway.

4.1. The correlation
It was pointed out above that both £w and £d correlate

with the friction velocity U:. It is more convenient to
correlate the mass coefficients with U:, especially since
wave records are not always available. The resulting
correiation is

K LSCI /2 = Ao+0.048(U:V·OI 5 [em S-I] (24)

where the parameter Ao [cm :s- I ] has the value of
0.0148 for a well-mixed water body. In the absence of
mechanical mixing,equation (24)can still be used with a
value of 0.0029 for Ao valid for U: ~ 2 em s- I, above
which a value of 0.0148 should be used for Ao. The
parameter Ao is related to the degree of mixing other
than wind mixing in the particular wind-wa vefacility. It
may be estimated by performing mass transfer
measurements at no wind conditions at the desired level
of mechanical mixing in the water phase.

Equation (24) fits the experimental data for the
benzene and toluene runs of Cohen [36] with an
average error of less than 10% up to a U: value of about
4.5 em s -I. In order to explore the generality of the
correlation, its prediction is compared to several
laboratory studies in Fig. 8,coveringa Scnumber range
of 350-1200. The average friction velocity U: was
estimated, for studies which failed to report it, using the
correlations recommended by Wu [20, 24], Shemdin
[28], and Plate and Hidy [21] as applied to the
particular wave-tank facility. The molecular dif
fusivities were determined based on the data and the
recommended Wilke-Chang correlation as reported
by Reid et al. [43].

The correlation (curves 1 and 2 in Fig. 5) is seen to
adequately describe the mass transfer data in
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FIG. 5. The proposed mass transfer correlation for KL • (Legend as in Fig. I except as indicated.)
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Here U 10 is the wind speed measured at an anemometer
height of 10 m. Where the wind-stress coefficient varies
with fetch, the methods suggested by Donelan [46] and
Wu [42] can be used to estimate the average U:.as a
function of wind speed over a given water body.

It is well established that U:. values in the
environment are lower than in the laboratory for the
same wind velocity, U 10 (measured at 10em and 10 m
above the water surface in the laboratory and ill sitll,
respectively [42]). This implies that the present
correlation for K L [equation (24)] should predict lower
K L values in the environment, as is indeed indicated by
the laboratory and environment curves in Fig. 6. The
comparison of the predicted and available ill sitll K L

values is also shown in Fig. 6.The recent results of Peng
et al. [19], obtained using the radon deficiency method
in the Geosecs Cruises in the Atlantic and Pacific
oceans, do not show a definite trend of KL vs U10 '

However, a least square fitof the data shows an increase
in K L vs U 10' which is sub stantially less than in
laboratory experiments. This is consistent with the
prediction of the correlation as is depicted by the
environmental curve in Fig. 6.

There appears to be a fair agreement among the
predictions of the reported ill situ results . It is
emphasized that the reported illsilll results are based on
measurements over long periods of time during which
environmental conditions vary considerably. Thus the
available ill silll K L values do not provide a definitive
test of the proposed correlation. Nonetheless, until
more definitive ill sitll data becomes available, the
present correlation should be adequate for estimating
environmental mass transfer rates.

laboratory wind-wave tanks. This is encouraging,
especially in view of the incomplete documentation of
the experimental conditions in most of the reported
studies .At low wind speeds the variation of mechanical
mixing (e.g. mechanical mixers, circulating pumps) has
a profound effect on the mass transfer coefficient. It
appears that curve 1 (stirring at 540 rpm, with Ao
= 0.0148) and curve 2 (Ao = 0.0029 no mechanical
stirring) represents the approximate upper and lower
bounds on the mass transfer coefficients. Data points
which fall below curve 2 are believed to correspond to
cases oflimited drift current and wave growth. It should
also be noted that the correlation docs not apply when
substantial wave breaking occurs.

4.2. The estimatiollofK Lillenvironmental water bodies
The interest in determining the global transport of

nutrients and pollutants requires a quantification of
environmental air-water mass transfer. For most gases
(e.g. O 2, N 2, CO2) and many hydrocarbon pollutants
[44,45] the main resistance to transfer is in the liquid
phase. For such cases, the correlation as expressed by
equation (24)can be used to estimate environmental (ill
sitll)K Lvalues once U: is known as a function of wind
speed. This can be accomplished using the commonly
reported wind-stress coefficients over the sea surface.

For a fully developed open sea, an accurate multi
formula representation of the wind-stress coefficient
was suggested by Wu [42],

CD = 8.5 X 10- 4 , UIO < 5 m S-I, (25a)

CD = [0.85 +0.1 I(U IO-5)] x 10-3,

5 m S-I < U IO < 20 m S-I, (25b)

(25c)

where CD is the wind-stress coefficient defined as

CD = (U IOIU:.)2. (26)

- Peng et 0/ . [19)
[Atlantic and Pacific Oceans]

o Broecker and Peng [16];
Emerson [9]

I Weiss et 01. [10)

• Roether and Kromer [17)03
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FIG. 6. The prediction of KL in environmental water bodies.
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5. CO;,\CLUSIOi\;S

A surface renewal model provides a coherent
description of liquid phase controlled mass transfer
across a sheared, wavy air-water interface. The ana lysis
showed that the dramatic mass transfer enhancement
at water friction velocities above approximately 1.5ern
s -1 is associated primarily with the turbulent wind
induced drift current. At lower friction velocities, the
wave fieldcontribution due to wave induced turbulence
has an increasing inlluence. A convenient correlation,
with the water side friction velocity as the only
hydrodynamic parameter, is proposed.The correlation
describes both laboratory and ill situ K L data
satisfactorily.
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TRANSFERT MASSIQUE A TRAVERS UN INTERFACE
AIR-EAU CISAILLE ET ONDULE

Resume-On considere l'influencedu mouvement de la surface sur Ie transfert massique controle par la phase
liquide. L'influence des ondes de surface et des courants de l'eau sur l'echange air-eau est exploree
theoriquernent et experimentalernent, dans une installation de laboratoire. Les resultats sont analyses par un
modele a renouvellement de surface. On trouve que les onde de capillarite contribuent sensiblement a
l'accroissement des fluxmassiques aux faiblesvitessesde frottement (pour U:; ::S 1,5erns -I). Auxplusgrandes
vitcsses, l'accroisscment spcctaculaire du transfert massique est assoeie principalement au deplacement
turbulent de l'eau, Une formule est proposee pour Iecoefficientde transfert massique en phase liquide avec la
vitessede frottement cote eau comme unique parametre hydrodynamique. Cetteformule decrit correctement a

la fois les donnees de laboratoire et cclles in situ.

DER STOFFOBERGANG AN EINE WELLIGE LUFT-WASSER-GRENZFLACHE
BEl SCHERSTROMUNG

Zusammenfassung-Der Einfluf der Oberflachenbewegung auf den von der fliissigen Phase bestimmten
StofTiibergang wird beschrieben. Die Wirkung von Oberflachenwellen und Wasserstromungen auf den Luft
Wasser-Stoffaustausch wurde theoretisch und experimentell in einer Laboreinrichtung untersucht.
Die Ergebnisse wurden anhand eines Oberflachenerneuerungsrnodells analysiert, Es wurde festgestellt,
daf Kapillarwellen bedeutend zur Steigerung des StofTiibergangs bei geringen Schubspannungs
geschwindigkeiten des Wassers beitrugen (U:::S 1,5 cm S-I). Bei hoheren Schubspannungsgeschwindig
keiten war der erhebliche Anstieg des StofTiibergangs in erster Linie auf die turbulente Driftstriimung
des Wassers zuriickzufiihren.

Eine geeignete Korre1ation fiir den StofTiibergangskoeffizienten der fliissigen Phase mit der wasserseitigen
Schubspannungsgeschwindigkeit als einzigem hydrodynamischem Parameter wird vorgeschlagen. Diese

Korre1ation beschreibt sowohl Labor- wie reale Daten befriedigend.

MAcconEPEHOC 4EPE3 BOJIHHCTYIO rPAHHI..\Y PA3.LI.EJIA B03.LI.YX-BO.LI.A nPH
C.LI.BUrOBOM TE4EHHH

AHHOTaUHlI-PaCc~IOTpeHOBJIIllIHlle .llBIIJKeHlIlI nosepxuocra na sracconepencc BJKII.llKOU cj>a3e. Bnusnue
noaepxuocrnux BO.111 III cnsnroaoro Te'lelllill aonu na xracconepenoc MeJK.llY B03.llYXO~1 II BO.llOU
IICCJle.llOBaJlOCb TeopeTlI'leCKII II oxcnepnsrearansuo na nafioparopnoli yCTa1l6BKe, n03Bo.11110111eU
BOcnPOll3BO.llIITb Bbl3blBaeMble serpoxr BOJlHbl. Pesym.rarsr nccnenoaannii anpofinpoaaau ua xroaenn
c 06110BJllIeMOU nosepxuocrsro. Haiineno, 'ITO BOJlHbI, ofiycnoanemnre .lleiiCTBlleM xannnnapnsrx CIIJl,
oxaauaaior cyuiecraeunoe BJIIllIHlle na yaenusenne IIHTeHclIBHOCTII sracconepeaoca npn xransrx
CKOpOCTliX .llBIIJKeHlIlI aonu c TpelllleM (npn Uw* ::S 1,5 CM c- I). n pn fionee BblCOKIIX CKOpOCTliX
.llOBOJlbHO sasreruoe YCIIJleHlle nepeaoca xraccst CB1I3aHO B OCHOBIIOM C Typ6YJleHTllbJ~1 cnauroasrsr
Te'lelllleM aonu,

npellJIOJKeHO Y.ll0611oe cooraoureane llJIli pacxera Ko:Jcj>cj>lIullellTa Macconepelloca B JKIILlKOii cj>a3e,
sorna e.llIlIlCTBeHHbI~1runponnaasmsecxuxr napaxrerposs sanaercs CKOpOCTb nepesreureuua aoziu. 3TO
coornourenne yaoaneraopareneuo onucuaaer peaynsrarsr KaK nafioparopnstx, TaK II narypnsrx

nccnenosannn.




