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ABSTRACT

Mass transfer across a wavy interface has been inves-
tigated by mean of direct numerical simulation. Gas
and liquid streams, with physical properties typical of
air and water, flow counter-currently. Two cases are
presented. In the first, the interface is kept flat in the
limit of low Froude and Weber number. The results
of this simulation elucidate the effect of turbulence on
mass transfer without the complication introduced by
waves. In the second case, the interface is free to de-
form and waves in the capillary and capillary-gravity
range can form. The simulation corresponds to a ten-
meter wind velocity of ~ 7 m/s. The simulations are
for values of the Schmidt number up to 100.

The values of mass transfer velocity obtained from
the simulation are in good agreement with laboratory
experiments. Waves do not significantly affect mass
transfer velocity non dimensionalized by the interfacial
frictional velocity. On the liquid side, high mass trans-
fer regions over the interface correlate well with sweeps
on the liquid side for all values of the Schmidt num-
ber. On the gas side, mass transfer velocity correlates
well with sweeps for moderate values of Schmidt num-
ber. For high values of Schmidt, however, all turbulence
events with significant interface-normal velocity become
relevant.

Based on these mechanisms, parametrizations for the
mass transfer velocity are proposed, based only on the
characteristics of the turbulence structures and without
adjustable parameters. They compare well with experi-
ments and indicate that it is the turbulence, rather than
the waves characteristics, that controls mass transfer.

PROBLEM DESCRIPTION

In order to better understand the mechanisms of
mass transfer at gas-liquid interfaces, it is important
to investigate the microphysics of transport processes
dominated by fine-scale turbulence e.g. in gas exchange.
Such phenomena are controlled, for wind speed below
those at which wave breaking occurs, by layers ~O(0.01
mm) on the liquid side and ~O(1 mm) on the gas side.
On these scales, ripples and capillary waves with wave-
lengths ~O(1 cm) can perhaps impact scalar transfer,
but larger wavelengths have little effect.

Since scalar transfer at continuous interfaces occurs
over length scales that lead to relatively low Reynolds
numbers when these are based on thicknesses of the
layers containing the main resistances, Direct Numer-
ical Simulation (DNS) may well clarify the important
transport mechanisms for such problems.

In Lombardi et al. (1996) interaction of air and wa-
ter across a flat interface was investigated to study the
coupling between the fluids without the complexity of
interface deformation. In this manuscript we extend
those results and discuss the properties of mass trans-
fer for relatively high Schmidt number (~ 100). We also
account for the effect of capillary waves. The region of
wave spectrum that is simulated has wavelengths com-
parable to, or smaller than, the typical lengths scales
of the turbulence structures. These waves can interact
with the underlying turbulence and affect mass transfer
across the interface.

For reasons of space, we do not report details of the
numerical algorithm. These can be found in De Ange-
lis (1998). In Figure 1 the domain geometry is shown.
Gas and liquid flow countercurrently, and they inter-
act at the interface that deforms under the effect of the
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flow with the deformations moderated by gravitational
forces and surface tension.

At each step the velocity, pressure and a scalar field
(concentration or temperature) are calculated without
any turbulence model. The simulations are for a Re,
of 171, when based on the heights of each domain and
the shear velocity at the interface u, = \/71/p. The
Schmidt number Sc = v/D is varied in steps between
1 and 100.

free slip
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171 shear LIQUID
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Figure 1: Geometry of the Simulation

FLAT INTERFACE

Consider, first, conditions set to keep the liquid
Froude number and the gas velocity low enough to be
well away from instabilities. A non-wavy surface can
be obtained even when quite high shear rates are im-
posed, as shown experimentally by Rashidi and Baner-
jee (1990). This situation has been studied by Lom-
bardi et al. (1996) with regard to the momentum cou-
pling across the interface. We now discuss the effect of
turbulence structure on mass transfer.

Runs at different density ratios (R> = 5—;) between
the fluids are discussed in Lombardi et al. (1996). In
here we summarize for clarity some important results
for case R29, i.e. R=29.9, typical of air-water flows.

The interfacial plane itself shows regions of high shear
stress and low shear stress, with low shear stress regions
corresponding to the low speed regions and the high
shear stress to the high speed regions. The low shear
stress regions are streaky in nature with high shear
stress islands. At the edges of the high shear stress
regions, vortices are seen to spin up on both sides of
the interface. These are initially in the plane normal
to the interface but subsequently are stretched in the
quasi-streamwise direction by the mean flow. These
quasi-streamwise vortices are known to play a major
role in the ejection-sweep processes observed in wall
turbulence, and they do the same at the gas-liquid in-
terface.
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Figure 2: Quadrant analysis of u'w’ with stress.

The formation of the high shear stress regions can be
clarified by considering a quadrant analysis of the veloc-
ity field over the interface in which velocity fluctuations
in each quadrant of the Reynolds stresses are correlated
with shear stress at the interface. In the first quadrant
both the streamwise and interface normal velocity fluc-
tuations are positive. In the second, the streamwise
component is negative but the interface normal com-
ponent is positive. This corresponds to an ejection of
low speed fluid. In the third quadrant both the stream-
wise and the interface-normal velocity fluctuations are
negative, and in the fourth the streamwise component
is positive whereas the interface-normal component is
negative. The fourth quadrant then corresponds to a
sweep in which high-speed fluid is brought towards the
interface. Consider now the correlation of each quad-
rant of such velocity fluctuations with the interfacial
shear stress shown in Figure 2.a on the gas side. It is
clear that sweeps, i.e., in the fourth quadrant, lead to
the high shear stress regions whereas ejections lead to
the low shear stress regions. This is what is observed in
wall turbulence at a solid boundary and therefore the
gas sees the liquid surface much like a solid boundary.
However, if we look at Figure 2.b, it is immediately
clear that no such correlation exists on the liquid side.
In fact, all the quadrants have similar behavior with
regard to the shear stress regions that occur below the
high speed sweeps on the gas side, 7.e. , the motions



that bring high speed fluid from the outer regions to
the interfaces on the gas side leads to high shear stress
at the interface. Conversely, ejections on the gas side
which take low speed fluid away from the interface into
the outer flow, strongly correlate with low shear stress
regions. The liquid does not behave in this way and
does not dominate the pattern of shear stress on the
interface.

The difference between the gas and the liquid phases
in the near interface region is further clarified by ob-
serving the velocity fluctuations on each side of the
interface (Lombardi et al. , 1996). The gas behaves
much like flow over a solid wall. The fluctuations are
almost identical to that at a solid boundary, in all di-
rections — streamwise, spanwise, and wall-normal. On
the other hand, the liquid has the largest fluctuations
in the streamwise and spanwise directions right at the
interface itself. It sees the interface virtually as a free
slip boundary, except for the mean shear.

The gas flows over what is essentially a no-slip bound-
ary, the velocity fluctuations at the interface being
small compared to the shear velocity. From the con-
tinuity equation, Z—:f = 0, and assuming u; = uz =0
at the boundary we obtain that j—';g- = 0. On the liquid
side, the velocity fluctuations at the interface are not
negligible and ), , 9% #0.

It follows that on the gas side usy ~ A2x3, whereas
on the liquid ug; ~ A1z3. The turbulence structure on
the liquid side thus penetrates further toward the inter-
face. Using the same scaling arguments we obtain that
the Reynolds stresses have to vary, close to the inter-
face, as ~ B3 and ~ Bjz3 on the gas and liquid sides
respectively.

The differences observed in the analysis of the veloc-
ity field on the two sides are of some importance for the
scalar transfer mechanism on the two sides. We define
two non-dimensional mass transfer velocity, 87 as:

2h
,3+ _ 1 du _ fo urcdxs (1)
V2RerSc(co — cp) dx3 f02h urdxs
where fTua is the nondimensional gradient at the inter-

face and c, and ¢, are the bulk and interface concen-
trations and Re, is based on the shear velocity at the
interface, ur = \/71/p.

The values of 8+ on the gas and liquid sides are
shown in Figure 3. The value of 87 scales as Sc™2/2 on
the gas side and Sc™/? on the liquid side for the high
Sc number cases. This implies that the concentration
boundary layer thickness, dc, scales as Sc'/? and Sc'/?
on the gas and liquid side respectively.

At a continuous interface, in the absence of bubbles
or wave breaking, mass transfer takes place by conduc-
tion only, therefore it is enhanced when bulk fluid is
conveyed to the interface region, e.g. by sweeps, or when
ejections of fluid remove saturated fluid.

We then extend the quadrant analysis of Figure 2
and look at the correlation of the Reynolds stress —

and therefore of the turbulence structure, in the various
quadrants with the instantaneous value of mass trans-
fer velocity 8T at the interface. The Reynolds stresses,
for all the Sc numbers, are always sampled within the
first 12 shear units, e.g. the regions of high turbulent
energy production, regardless of the thickness of the
concentration boundary layer.
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Figure 3: Mass transfer velocity at the interface

Results are reported in De Angelis (1998) for Sc=1
and Sc=100 on the gas and liquid sides, and summa-
rized here. On the liquid side sweeps correlate with the
highest values of 3% at the interface for both values of
the Schmidt number. On the gas side, for low Schmidt
number, I and IV quadrant events correlate well with
high BT, but for Sc=100, sweeps and ejections play the
dominant role.

The relative importance of the events sorted by quad-
rants is summarized by in Table I. In the table we report
the probability of an event to occur (fp) and the fraction
of the total flux through the interface associated with it
(fn)- On the liquid side sweeps carry a larger fraction
of mass flux (~ 0.50), than their probability (~ 0.30).
The interface can be efficiently renewed by sweeps, the
horizontal fluctuations being relatively unimpeded.

On the gas, for the low Schmidt number, sweeps and
Quadrant I events are seen to be the most effective
for scalar transfer, but when the Schmidt number in-
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creases, and the scalar boundary layer becomes thin,
sweeps penetrate the concentration layer less, and ejec-
tions also become important. The interface-normal ve-
locity fluctuations very close to the interface decrease
fast (as ~ x%) and control the mass fluxes.

Table I: Reynold stress and total heat fraction
corresponding to Quadrant II and IV.
Sc (gas) 1 100 | Sc (liq) 1 100
fpinIl | 036 | 0.38 | fp,inII | 0.29 | 0.32
fpinIV [ 033 ({032 | fpinIV | 0.34 | 0.37
foninIl | 025 | 0.34 | frinII | 0.15 | 0.20
frinlIV | 046 | 0.36 | foinIV | 0.52 | 0.52

We will see how these considerations allow simple
parametrizations of 81 to be developed in a later sec-
tion.

DEFORMING INTERFACE

When the interface is free to deform two new parame-
ters enter the analysis: the Froude number (Fr) and the

Weber number (We), these are defined as We = phul

p
2
and Fr = g—h(—zl"fpm

The numerical method cannot handle wave breaking
so We and Fr have to be chosen carefully. This lim-
its the shear velocity ~ 0.3 m/s on the gas side which
implies for an air-sea problem a 10 m wind velocity of
about 7.5 m/s.

In fact, interface deformations depend upon the shear
velocity. The shear velocity is related to the undis-
turbed wind velocity. The cases considered are listed
in Table II together with 10 m and 5 m wind velocities
obtained by correlations provided by Garrat (1977) and
by Komori (1993).

Table II: Matrix of runs performed. Velocities
are in m/sec

Case Fr, We- Urg Us Uio
DO | 5.910°° [ 1.3107° [ 0.06 | 2.2 | 2.2
D1 | 4.5107% | 5.3107% | 0.27 | 5.7 | 7.6
D2 | 171073 [ 821073 | 0.41 | 7.6 | 11.0

In case DO the interface is virtually flat and this
serves as reference case. The wave amplitudes in cases
D1 are ~O(1 mm) and the wavelength about 2 cm. The
computational domain dimensions are roughly 12 cm in
the streamwise direction, 6 cm in the spanwise direction
and 2 cm in the interface-normal direction. This covers
a range of wavenumber, in the flow direction, of 1 cm™*
to 15 cm™!. The domain size is sufficient to capture
capillary wave effects, and in case D1, waves appear to
have reached a equilibrium amplitude and steepness in
the capillary wave range. In the D2 case the wind ve-
locity is high. We were able to collect some interesting
information before the calculation had to stop.
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Case D1 is be used to study the effect of the waves
on the average turbulence quantities. Case D2 is be
used to study the effect of waves on turbulence struc-
tures, because the wave amplitudes are higher than in
the other case.

We analyzed the three-dimensional structure of the
velocity, shear and pressure field for case D2. The high
shear stress regions occur on the wave crests and are
again caused by the high-speed fluid on the gas side.
In the concave regions the shear is low. Occasionally
recirculation on the gas side can be observed.

Pressure is discontinuous on the two sides of the in-
terface, as required by the normal stress boundary con-
dition. On the gas side pressure is lower on the wave
crests and high in the wave valleys. On the liquid side,
not surprisingly the opposite trend is observed. Even
if the patterns of shear stress and pressure are domi-
nated by the form of the waves, streaks are still seen
to form on the two sides of the interface. The streak
length is not organized on the wave patterns, and the
spacing in between streaks is 2+ ~ 100, as for wall- and
flat-interface turbulence.

Waves do not seem to effect the kinematics of the
flow, as observed in the snapshots of the three dimen-
sional velocity fields. This impression is confirmed by
the quadrant analysis of Reynolds stresses as function
of the shear stress for case D1. These are not shown
here. The trend in fact is the same as observed over a
flat interface. Sweeps and Quadrant I are more prob-
able on the gas side for high values of the shear stress
and ejections and Quadrant III events are more proba-
ble for low values of the shear stress. On the liquid side
there is no such separation.

The frequency spectrum of the wave amplitude is
obtained over a time interval of T+ = 350. It shows
a peak for T+ = 22 that corresponds closely to the
the frequency peak measured by McCready and Han-
ratty (1985). Also the peak value is in good agree-
ment. Time spectra of Reynolds stress show instead
a peak for T+ ~ 50. For the flat-interface case, the
Reynolds stress time spectrum also shows a peak for
T+ ~ 50. This values is in good agreement with the
sweep and ejection frequency measured by Rashidi and
Banerjee (1990). Even when capillary waves form, the
main features of the turbulence i.e. sweeps and ejec-
tions frequency and their behavior with regard to the
interfacial stresses, are unchanged.

The maximum wave amplitude in case D1 is ~O(1
mm), that compares well with what Komori et al.
(1993) report.

Turning now to scalar transfer, we do not observe sig-
nificant changes in the value of 3 on the gas and liquid
side with respect to the flat interface case. Changes are
of O(5-10%) which is within the statistical error. Hav-
ing said this, we do observe a slight trend. The value
of A% on the liquid side is seen to increase with wave
amplitude. On the gas side the values decrease. Results
are shown in Figure 6 as a function of Sc number for



case D1 and compared to the DO case.
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Figure 6: B for gas (top) and liquid (bottom).

The modest increase of 8+ for small wave amplitude
on the liquid side has also been observed by Komori
et al. (1993) in wind-wave tank experiments. Komori
et al. (1993) observed first a slight increase of A% with
wave amplitude, and then a drop, for wind speed not
covered by our calculations.

As shown in De Angelis (1998), the Reynolds stresses
show, on the gas and liquid sides, only modest differ-
ences between the DO (flat) and D1 (wavy) interface
cases. Because from our analysis it appears that it is
the value and behavior of the Reynolds stresses that af-
fects the values of the mass transfer velocity, the small
differences observed in the mass transfer velocity are
not surprising.

MASS TRANSFER MODELING

We will now show how simple parametrizations based
on surface renewal can capture the mass transfer veloc-
ity at an interface. Surface renewal theory hypothe-
sizes that the mass flux across an interface is governed
by renewals of the interfacial fluid by motion of the
bulk fluid. Scalar transfer proceeds by unsteady dif-
fusion into renewed regions of the surface till the fluid
is replenished and the process starts again. A simple
expression for the scalar transfer velocity results that
involves the renewal frequency. However the issue is to
determine the frequency of such renewals. DNS can in-
form the debate regarding the controlling mechanisms,
because essentially every quantity of importance is com-
puted and available for the development of simple mod-
els.

In applying surface renewal theory to mass trans-
fer at the interface it is important to remember that
the interface travels with the liquid flow with a veloc-
ity of ~ 4u, (Lombardi et al. , 1996). Therefore after
a sweep impacts the interface and generates a region

of high mass flux, then that region will move with the
interface. The time decay of the mass transfer coef-
ficient has, therefore, to be observed in a Lagrangian
frame, i.e. moving with the interface. We observed, in
fact, that high mass flux regions travel on the interface
a distance as long as ~ 300 shear based units, before
the high driving force established by a sweep is extin-
guished.

—— DNS ]
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Figure 7: Surface Renewal theory.

In Figure 7 we show a comparison between the DNS
results and the prediction of surface renewal theory
on the liquid side for Sc=56. The results for the sur-
face renewal theory are based on the assumption that
the sweeps are the renewal events. When a sweep im-
pacts the interface the mass transfer coefficient reaches
a maximum and then decays in time as the near inter-
face fluid saturates by diffusion of the solute — till the
region is eventually refreshed by another sweep.

In the bottom of the figure the Reynolds stress and
the vertical fluctuating velocity are shown as time pro-
ceeds and in a Lagrangian frame moving with the inter-
face velocity. When they are both negative, a sweep is
impacting the interface. In the center Figure, the corre-
sponding mass transfer velocity is shown and compared
to the values predicted by surface renewal theory. The
top figure shows the total mass flux over time. The dot-
ted curve in the center and top figures are computed us-
ing, respectively \/ D/(wt) and 2\/ (Dt)/w. They rep-
resent the instantaneous flux and the total flux i.e. the
time integral of the instantaneous flux, for transient dif-
fusion into a stagnant media.

It appears that the mass transfer velocity increases
when a sweep is present at the interface. The mass
transfer velocity decays with the expected -1/2 expo-
nent. Also the total mass transfer, i.e. the integral of
B+ over the time period increases as t'/2.

Supported also by the results of the quadrant anal-
ysis, a model based on surface renewal theory seems
appropriate for liquid side mass transfer. Sweeps ap-
pear to coincide with the renewals that control the mass
transfer process, and the time history of 8 in Figure
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7 also supports this hypothesis.

On the gas side, at first glance, it seems that this
assumption would be less well founded. In fact we ob-
served that all large vertical (interface-normal) veloc-
ity fluctuations are responsible for high mass transfer
rates. Large vertical fluctuations are, however, mainly
related to the bursting process thus also supporting
parametrizations based on surface renewal-type mod-
els with both sweeps and ejections being important.

Consider first the liquid side. In this case we use a
parametrization proposed by Banerjee (1990). Consider
the simple surface renewal expression, 8 = (D/T)l/ 2
and assume that 77 = 30 to 90 (v/u?), where T, as dis-
cussed before is the time ranging between sweeps and
bursts. We then obtain the relation,

ESCO.E
uf

=0.108 t0 0.158 (2)

This expression is compared with simulation results
over a large range of Sc number [Figure 3.a] and good
agreement is found for the high Sc number cases. From
our DNS we obtain a value of TT = 50. This gives a
coefficient of 0.14, that is also reported in Figure 3.a.

Equation 2 has also been compared with wind-wave
tank data for SFs transfer rates from Wanninkhof and
Blivens (1991) in De Angelis (1998), and good agree-
ment is found.

Turning now to the gas side, the gas sees the lig-
uid much like a solid surface as discussed earlier. So
a form of the surface renewal theory modified for such
applications, e.g. by Banerjee (1971) amongst others, is
necessary. This leads to a different dependence in the
Schmidt number, and the modified expression is:

3 a.2/3
BaSER _ 0 0740.0.00 (3)

Ug
Figure 3.b compares the expression with DNS results.
It is clear that the Schmidt number dependency is cor-
rectly predicted, and the numerical values are within
the range of Equation 3. The lower bound of Equa-
tion 3 compares well with the moisture transfer data of
Ocampo-Torres et al. (1994) as reported in De Angelis
(1998).

On the gas and liquid sides the value of 8% changes
slightly with wave amplitude. Reynolds stresses and
mass transfer velocity increase on the liquid side and
decrease on the gas side only slightly. Therefore the
correlations still capture the main transfer mechanisms
when capillary waves form.

CONCLUSION

By using Direct Numerical Simulation, it is possible
to correctly compute values of the mass transfer veloc-
ity for a relevant range of Sc number. Once the results
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of DNS are available, it is possible to test hypotheses
and mechanisms governing mass fluxes. We could clar-
ify, both by visual inspection of the velocity field, and
by the use of statistical tools, like quadrant analysis,
the main features of turbulent structure on the gas and
liquid side. Then we could correlate mass flux with
the turbulence structure and detect the renewal events
that drive the mass transfer processes. As result of this
study, we can propose parametrizations that predict the
mass transfer, without any adjustable parameters. For
this problem, DNS has proved to be a powerful model-
ing tool.
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