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ABSTRACT

Numerical simulation of high Schmidt number turbulent
mass transfer across clean and contaminated air-water inter-
faces is carried out. At the clean interface, the local scalar
flux is predicted fairly well from the surface divergence by
applying the Chan and Scriven’s stagnation flow model. With
increasing the Marangoni number, however, the scalar flux
is less correlated with the surface divergence and the gas trans-
fer rate detereorates drastically and eventually approaches
the value on a solid wall. From an analysis of a one-dimen-
sional advection-diffusion equation, it is shown that the sca-
lar field near the interface is characterized by two time scales,
i.e., renewal and transient time scales, and the surface diver-
gence contributes to the mass transfer only when the renewal
time scale is longer than the transient time. The effective sur-
face divergence is extracted from time-series data and found
suitable for prediction of gas exchange at clean and slightly
contaminated interfaces. In the case of the highly contami-
nated interface, in which the effective surface divergence is
strongly damped, the mass transfer is essentially the same as
that on a solid wall.

INTRODUCTION

It is well known that surface contamination retards gas
exchange across a turbulent air-water interface. So far, nu-
merous experiments have been carried out in wind-wave fa-
cilities and stirred vessels, e.g., Jihne et al. (1987), Asher
and Pankow (1986). In these studies, a similar transition in
the gas exchange has been observed. Specifically, below a
critical turbulence level, the gas transfer rate increases only
slightly with the turbulence level and is proportional to S¢-#3
as in the case of a solid wall. Beyond the critical turbulence
level, however, the gas transfer rate increases rapidly and the
Schmidt number exponent changes from -2/3 to -1/2. The
mechanism of the transition is not fully understood since the
turbulence near the interface is affected by not only surface
elasticity but also waves, which start to grow at the critical
turbulence level.
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Considering that most resistance to mass transfer resides
in a very thin concentration boundary layer near the inter-
face, understanding the transport mechanism inside the vis-
cous sublayer is particularly important. Chan and Scriven
(1970) first shed light on a critical role of irrotational stagna-
tion flow in the mass transfer across a perfectly free liquid
surface. After that, many experimental and theoretical re-
searches, e.g., McCready et al. (1986), Banerjee et al. (2004),
supported that the total gas transfer rate is related to the in-
tensity of surface divergence. However, the quantitative re-
lationship between the local scalar flux and the surface di-
vergence at a turbulent interface has not been investigated in
detail, which is vital to assess the existing models.

In the present research, we focus on the interaction of tur-
bulence with an elastic surface and its effects on the interfa-
cial mass transfer at high Schmidt numbers. Particular atten-
tion is paid to the response of local scalar flux to the surface
divergence in order to understand the transition mechanism
in the mass transfer across a contaminated interface.

NUMERICAL PROCEDURES

Numerical conditions

In this study, a countercurrent air-water flow driven by
constant pressure gradient is considered as shown in Fig. 1.
The Reynolds numbers based on the interfacial friction ve-
locity u, and the depth & are set to be Re,; = Re,q = 150,
which approximately corresponds to an air-water flow at a
wind speed of 2 m/s at y; = 6 and & of 4 cm under the stan-
dard condition. The density ratio of liquid and gas is p, / ps =
841. The Schmidt number is changed from 1.0 to 100 on the
liquid side, while kept constant Sc; = 1.0 on the gas side. The
horizontal dimensions of a computational domain are 2.576
and 76 in the streamwise and spanwise directions, respec-
tively. A periodic boundary condition is employed for the
horizontal directions, while a free-slip condition for outer
boundaries so as to minimize their effects.
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Figure 1: Computational domain and grid system
in the hybrid DNS/LES scheme.
Table 1: Numbers of modes and grid points, and
grid spacings in the shear unit.
Region k., k orN k| Ac* Ay, * Az,
Velocity | DNS 0<y,"<150| 64 128,64 | 184 |0.002~038] 72
Scalar: | DNS 0<y <113] 192,35192 | 6.1]001~062] 24
Hybrid | Buffer [11.3<y,*<21.6] 192,13,192 | 6.1]066~085] 24
DNSLES| [ES |216<y, <150| 64,144,64 | 184]086~123] 72

The governing equations are the incompressible Navier-
Stokes, the continuity and the scalar transport equations. DNS
is applied for the velocity and scalar fields at the low Schmidt
number of S¢; = 1.0 by using a pseudo-spectral method.
Numbers of modes and grid spacings are listed in Table 1.

For the high Schmidt number of S¢; = 100, a hybrid DNS/
LES Scheme is applied.

Hybrid DNS/LES scheme

In order to calculate the high Schmidt number scalar field
at feasible computational cost, we proposed a hybrid DNS/
LES scheme, in which DNS with high-resolution girds is
employed within the near-surface region, while LES with
relatively coarse grids for the outer layer (see, Fig. 1). For
spatial discretization, spectral and finite volume methods are
used in the horizontal and normal directions, respectively.

The computational domain in the liquid phase is divided

into three regions, i.e., a DNS region (0 < y*; < 16.8), a buffer
region (16.8 < y*; < 21.5) and a LES region (y*; > 21.5).
Depth of the DNS region is determined so that 95% of a
concentration difference occurs in this region.

The scalar transport equation in the three regions is de-

scribed as:
2 JE.
b, B 1 e af %)
or ' ox; Re,Scox;ox; O, ox;

Here, &; is subgrid-scale scalar flux. In this study, the dy-
namic Smagorinsky model is used to close Eq. (1).

ij

Jdc
—_ Al |2€
§=-CA,|3 @
In Eq. (1), Ac is a switch function from DNS (Ac = 0) to LES
(Ac = 1). In the buffer region, Ac is gradually increased from
0to 1 as going away from the interface.
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Computation with finer grids and a deeper DNS region
was also made in order to ensure that these effects on statis-
tics in the DNS region were negligibly small.

Boundary conditions at a contaminated air-water

interface

Since we focus on the effects of surface contamination
on high Schmidt number mass transfer, the interface is as-
sumed to be flat for simplicity. This is plausible for a con-
taminated interface, in which turbulence and capillary waves
are drastically damped due to the Marangoni effect. The re-
sultant boundary condition for the velocity field is the conti-
nuity of the velocity and shear stress in the horizontal direc-
tions.

u .
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Here, jis 1 or 3 and yis the surfactant concentration. The
Weber number We and the Marangoni number Ma are de-
fined as We =p,u,*3/0, and Ma=—(y,/0,)do/dy),.
respectively. The subscript O represents evaluation at equi-
librium and ois the surface tension. Since the ratio of We to
Ma is essential in Eq. (4), the Marangoni number is changed
systematically as Ma = 0 (clean), 10 (Case 1), 10 (Case 2)
and 10! (Case 3), while the Weber number is kept constant
We =9.00107.

RESULTS

Velocity field

The mean velocity profiles relative to the interfacial ve-
locity in the liquid phase are shown in Fig. 2. Data near a
solid wall is also plotted for comparison. Although the loga-
rithmic region with the same slope is observed, a gap exists
between a clean interface and a solid wall. With increasing
the Marangoni number, the thickness of the viscous sublayer
is gradually increased and the profile converges to that near
a solid wall.

The velocity fluctuations in the liquid phase are shown in
Fig. 3. In contrast to the mean velocity, the streamwise and
spanwise velocity fluctuations are almost unchanged, while
only the normal velocity fluctuation is dumped drastically
with increasing the Marangoni number. This indicates that
the velocity field near a highly contaminated interface is es-
sentially different from that near a solid wall.

In order to clarify the surfactant effects on the flow field,
we decomposed the interfacial velocity vectors into irrota-
tional and solenoidal components by applying Helmholtz’s
theorem (see, Fig. 4). The kinetic energy contained in the
two components &y, and kg, are listed in Table 2. A distinc-
tive feature of a contaminated interface is selective damping
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Figure 2: Mean velocity profiles in the liquid phase.
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Figure 4: Decomposition of the interfacial velocity vector
into a) solenoidal and b) irrotational components.

Table 2: Decomposition of the turbulent kinetic energy and

gas transfer rates at contaminated interfaces.

Ma Kt kg, K Ko | Ko
Clean 0 9.2 7.8 1.37 | 6.8 102 | 9.6+ 10*
Case 1 1.0» 10% 8.7 78 0.86 |59+ 102| 52+ 10°
Case 2 1.0» 107 7.4 7.0 0.36 | 5.4+ 102| 3.9+ 10°
Case 3 1.0+ 10! 7.3 72 0.06 | 5.1e 107 3.6» 10°

of the irrotational motion. Namely, the contaminated inter-
face behaves like a no-slip boundary for the irrotational mo-
tion, while a free-slip boundary for the solenoidal motion.
Although the irrotational motion constitutes a small fraction
in the total kinetic energy, it holds a great significance in the
interfacial mass transfer as shown below.

Scalar field

Gas transfer rate. Gas transfer rates at S¢; = 1.0 and 100
are listed in Table 2. Surface contamination has a profound
effect at the high Schmidt number, since the most resistance
to mass transfer lies in a thinner layer at the top of the liquid.
Specifically, the gas transfer rate is decreased by 60 % at Sc;
= 100, while only 25 % at S¢; = 1.0.

According to recent experiments and numerical simula-
tions, the gas transfer rate is well related to the intensity of
surface divergence as:

(&)

Here, the surface divergence is defined as:
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Figure 3: Velocity fluctuations in the liquid phase.
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Figure 6: Gas transfer rates versus the Schmidt number.
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According to the existing data, the proportional constant C
is about 0.4 for a sheared interface (Banerjee et al., 2004). In
Fig. 5, the gas transfer rate at S¢; = 100 is plotted as a func-
tion of the surface divergence with open symbols. At the
clean interface, the present result shows good agreement with
Eqg. (5). With increasing the Marangoni number, however,
the gas transfer rate is decreased drastically and converges

_o
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Figure 7: Gas transfer rates K and correlation coefficients
R between the velocity and scalar fluctuations.

to that at a solid wall. The gas transfer rate versus the Schmidt
number is plotted in Fig. 6. Although only two data points
are available, it is observed that the Schmidt number expo-
nent transits from -1/2 at clean and slightly contaminated
interfaces to -2/3 at highly contaminated interfaces.

These results suggest that the contribution of the surface
divergence to the mass transfer becomes less significant at
the highly contaminated interface and the transport mecha-
nism switches to that at a solid wall.

One-dimensional gas transfer model. In order to clarify
the relationship between the scalar flux and the surface di-
vergence, one-dimensional advection-diffusion equation be-
comes useful. Chan and Scriven (1970) considered mass
transfer in an irrotational stagnation flow and showed that
the transport equation reduces without approximation to:

se_1 7
yay Sc 9y’

Here, all variables are non-dimensionalized by the shear units.

ac
5 B(1) )

By introducing a new coordinate system Y = ym , the
Schmidt number disappears from Eq. (7). If we represents
the fluctuating surface divergence as f(r) = Bcos(w-t), im-
portant parameters characterizing the properties of the solu-
tion are B and w. The inverses of the two parameters corre-
spond to different time scales as discussed below.

According to the Chan and Scriven’s result for steady up-
welling flow, i.e., B > 0 and constant, the transient re-
sponse time of the concentration field scales with 1/8. After
the transient time passes (r > 1/f), the advection and diffu-
sion terms are balanced. In this case, the interfacial scalar
flux ¢ can be calculated analytically as:

Vn’-Sc

where, AC is a concentration difference between the inter-
face and the bulk.

®)
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Conversely, if B is negative, i.e., in the case of flow away
from the interface, the concentration boundary layer is
stretched exponentially with time, so that the scalar flux rap-
idly diminishes. Hence, if the renewal time scale of 1/@is
sufficiently larger than the transient time 1/8, i.e., B/ @ >>
1, the interfacial scalar flux is estimated as follows:

_ l~ACEO.8 E-AC
9= Vn"Sc VSc
0

In Fig. 7, the gas transfer rate obtained by solving Eq. (7)
is plotted as a function of B/w. The correlation coefficient
between the normal velocity and scalar fluctuations at the
interface is also plotted. When 8/ @w> 1, the correlation coef-
ficient is quite high and the gas transfer rate is predicted fairly
well by Eq. (5).

When /@< 1, however, both the gas transfer rate and the
correlation coefficient decrease drastically. In this case, the
velocity fluctuates so frequently that the balance between
the advection and diffusion terms does not hold near the in-
terface anymore. Instead, the advection term balances with
the time-derivative term in Eq. (7). Consequently, the veloc-
ity fluctuation is out of phase with the concentration fluctua-
tion and hardly contributes to mass transfer.

According to these results, we can conclude that the ve-

B>0

9
5<0 ©)

locity fluctuation which satisfies the condition 8/ @ >1 domi-
nates the interfacial mass transfer. If this is the case, the lo-
cal scalar flux should be predicted from the surface diver-
gence by Eq. (9).

Time-series of the local scalar flux. Examples of time-
series of the local scalar flux at Sc; = 1.0 and 100, the sur-
face divergence and the prediction by Eq. (9) at clean and
contaminated interfaces are shown in Figs. 8a and 8b, re-
spectively. For Sc; = 1.0, the difference of the concentration

between the interface and y*;, = 20, AC 20 is used instead
of AC in Eq. (9), since the concentration boundary layer ex-
tends outside of the viscous layer. At a clean interface, Eq.
(9) predicts local peak values fairly well, indicating that the
local scalar flux is determined by the balance between the
normal advection and diffusion terms.

In Fig. 9, the contribution of surface divergence to the
scalar flux is shown. The prediction by Eq. (9) is depicted as
a solid line. At a clean interface, the scalar transfer mostly
occurs when the surface dilates, i.e., >0 and PDF shows
good agreement with Eq. (9) (see, Fig. 9a). With increasing
the Marangoni number, however, the prediction by Eq. (9)
becomes worse. Especially, at the highly contaminated case,
it is obvious that the local scalar flux hardly responses to the
surface divergence (see, Fig. 8b). This is a primary reason
why the gas transfer rate is almost independent of the sur-
face divergence at highly contaminated interfaces.
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Figure 8: Time-series of the interfacial scalar flux ¢ at Sc, = 1.0 and 100, prediction by Eq. (9) and the surface divergence 8
in a): Clean and b): Case 2.
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Figure 9: Contribution of the surface divergence f3 to the interfacial scalar flux ¢ at Sc, = 100
in a): Clean, b): Case 1 and c¢): Case 2. Solid line: prediction by Eq. (9).

Extraction of effective surface divergence. Accord-
ing to the analysis based on the one-dimensional advection-
diffusion equation, the fluctuating surface divergence con-
tributes to mass transfer only when its duration time 1/wis
longer than its transient time 1/, i.e., f/@ >1. Hence, it is
interesting to see the magnitude relationship between f and
w at clean and contaminated interfaces. However, it is not
straightforward to define them, since a wide range of fre-
quencies are present in real turbulent flows. Therefore, we
made simple estimation as follows.

Suppose an ideal constant surface divergence f occurs
(see, Fig. 10a), the time required to reach the steady solution
given by Eq. (9) is 1/B. In a similar way, in the case of turbu-
lent flows, we extract the surface divergence between neigh-
boring zero-crossing points (¢, and ¢, in Fig. 10b) and calcu-
late the following integral F:

F= Bl

If |F| > 1, we deem that the interfacial scalar flux is given by
Eq. (9). Otherwise, it is assumed that the surface divergence
does not contribute to the mass transfer at all.

In Fig. 11, the contribution of 8 and @, to the total sur-

(10)
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Figure 10: Extraction of effective surface divergence f3,
in the case of a): constant 8, and b) fluctuating 3.

face divergence for the clean surface and Case 2 are shown.
Here, the frequency (0} is defined as w_= 27/ T, where T _is
a period between the two neighboring zero-crossing points.
The amplitude 8 is a mean of the surface divergence during
the period. By definition, 87, = F and F = 1 and -1 are de-
picted as dotted lines.

At the clean interface, 90 % of the total power resides
outside of the two lines, i.e., |F| > 1. With increasing the
Marangoni number, the percentage decreases to 34%, 2%
and 0% in Cases 1, 2 and 3, respectively. The typical trend
of the contaminated interface appears as damping of 8, while
the peak frequency is almost unchanged , namely, @ ~ 0.3



Figure 11: Contribution of B and @, to the total power of surface divergence
in a): Clean and b): Case2.

or T ~ 20 in the shear units (see, Figs. 11a and 11b). This
suggests that the transit time of a streamwise vortex outside
of the viscous sublayer is hardly affected by the surface con-
tamination.

From the power contained in the area of |F| > 1, we esti-
mate the effective surface divergence Bz ... The gas transfer
rate is replotted against f s with solid symbols in Fig. 5.
For the clean and slightly contaminated (Case 1) interfaces,
the gas transfer rate is predicted fairly well from the effec-
tive surface divergence by Eq. (5). On the other hand, in the
highly contaminated cases (Cases 2 and 3), the effective sur-
face divergence is too small to explain the present data. In-
stead, the interface is more like a solid wall.

CONCLUSIONS

Numerical simulation of high Schmidt number turbulent
mass transfer across clean and contaminated interfaces was
carried out. At the clean interface, the Chan and Scriven’s
irrotational stagnation model given by Eq. (9) predicts the
local scalar flux fairly well, indicating that an upwelling flow
induced by the surface divergence is the essential mecha-
nism of the interfacial mass transfer. This would be a pri-
mary reason why the surface divergence model is robust under
a wide range of flow conditions.

With increasing the Marangoni number, however, the cor-
relation between the local scalar flux and the surface diver-
gence deteriorates drastically. Specifically, at highly contami-
nated interfaces, the gas transfer rate is almost independent
of the surface divergence and converges to the value on a
solid wall value.

From an analysis of a one-dimensional advection-diffusion
equation, it was shown that the surface divergence contrib-
utes to mass transfer only when the renewal time scaled by
1/w s larger than the transient time scaled by 1/8, namely,
Blo>1.

The major effect of surface elasticity is damping of 3,
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while w is almost unchanged. This leads to strong attenua-
tion of the effective surface divergence at the higher
Marangoni numbers.

The intensity of the effective surface divergence was found
suitable for prediction of gas exchange at clean and slightly
contaminated interfaces. For a highly contaminated interface,
in which the effective surface divergence is strongly damped,
the mass transfer is essentially the same as that on a solid
wall.
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