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The Role of Splatting Effect in High Schmidt Number

Turbulent Mass Transfer Across an Air-Water Interface

Y. Hasegawa and N. Kasagi
Department of Mechanical Engineering, The University of Tokyo, Hongo, Bunkyo-ku,
Tokyo 113-8656, Japan

Abstract- High Schmidt number gas absorption into liquid across an air-water interface is simulated by means of
a hybrid DNS/LES scheme. The results are well compared with those previously obtained by a Lagrangian method.

Due to the wind shear, quasi-streamwise vortices are generated beneath the interface. They induce upwelling flows

which impinge on the interface, i.e., splatting. At high Schmidt numbers, the concentration field near the interface
is characterized by low concentration spots, which occur intermittently associated with the splatting events, and

fine-scale high concentration streaks produced by the interfacial shear. With an assumption that the surface renewal

period should be equal to the typical time scale of the quasi-streamwise vortex, the gas transfer rate is well pre-
dicted. Therefore, it is the quasi-streamwise vortex scaled by the shear units that governs the mass transfer across a

shear-driven air-water interface.

1. Introduction

Gas exchange across the sea surface plays a crucial role in the global carbon cycle on the earth,

and better understanding of the mechanism controlling the interfacial mass transfer is indispens-

able to improve the model prediction of the global air-sea CO2 fluxes. For slightly soluble gases

such as carbon dioxide, most mass transfer resistance occurs in liquid. Additionally, with the

Schmidt number of about 1000, the transport process is governed by near-surface turbulence

within a thin concentration boundary layer (20 ~ 200 mm). Since the simultaneous measurement

of the velocity and scalar fields is extremely difficult in experiments, the mechanism of the mass

transfer is not understood well.

 When predicting the gas transfer rate K, the time scale of vortices which govern the mass trans-

fer has been a subject of discussion. For instance, if one selects the time scale of the large eddies

scaled  by l / u*
 , one obtains K µ Sc-1/2 Re* -1/2 , while K µ Sc-1/2 Re* -1/4 by assuming the transfer

is governed by the small eddies responsible for the dissipation. Here, Re* =u*l / n and l is the

integral length scale. In the last decade, direct numerical simulation (DNS) has been applied to

free-surface flows by several groups [1-3], and the complex interaction between a free surface

and turbulent structures, and the associated transport process have been studied. However, since

the number of grid points for resolving the scalar field increases in proportion to Sc3/2, the Schmidt

number of scalar has been limited to Sc ~ O(1) in most of the previous calculations.

  In this study, DNS of a coupled air-water turbulent flow is carried out in order to investigate

the structures of the scalar field and microscopic mechanism of the mass transfer near the inter-

face.  A hybrid DNS/LES scheme, in which DNS is applied in a near-surface region by concen-

trating grids, while LES in the outer region with relatively coarse grids, is proposed  to calculate

the scalar field at the high Schmidt number of ScL = 100. The obtained gas transfer rate is well

compared with the Lagrangian result and the detailed mass transfer mechanism is discussed.
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2. Numerical Methodology

2. 1 Computational Condition

A fully developed air-water counter flow driven by a constant pressure gradient and the associ-
ated interfacial mass transfer are considered as shown in Fig. 1. The governing equations in the
two phases are the incompressible Navier-Stokes, continuity, and scalar transport equations,

i.e.,
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where ui is i-th velocity component, xi the coordinates, c the scalar concentration. Subscripts 1,
2, and 3 correspond to streamwise, vertical and spanwise directions, respectively. All variables
are normalized by the friction velocity ut and the depth d in each phase. The Reynolds number
and the Schmidt number are defined as Ret = ut d /n and Sc = n / D, where n and D are the
kinematic viscosity and the molecular diffusivity of scalar, respectively. In this study, the Reynolds
numbers in the two phases are set to be Ret  L  = Ret  G = 150, which corresponds to the air-water
flow at the wind velocity of 2 m/s and the phase depth of 4 cm under the standard condition. The
Schmidt number is changed from 1.0 to 100 in liquid, while kept constant ScG = 1.0 in gas.
Since it is known that the interfacial deformation is negligibly small in the low Reynolds num-
ber flow considered here, the interface is assumed to be flat. Therefore, the resultant boundary
conditions at the interface are the continuity of the horizontal velocities and shear stress for the
velocity field, and the Henry’s law and the continuity of the scalar flux for the scalar field. They

are given as:
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Here, a  is dimensionless Ostwald’s solubility. The two non-dimensional parameters of Rr and
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Fig. 1: Computational domain and

coordinate system

Fig. 2: Grid system for solving scalar field  with

hybrid DNS / LES scheme
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Rn in Eqs. (4) and (5) represent a degree of dynamical coupling between the two fluids, and  are

defined as:

R L Gr r r= / ,     R RG Ln rn n=( ) ◊ -/ 1. (6)

  In this study, Rr and Rn  are set to be 29 and 1.0, respectively. At the outer boundaries, a free-
slip condition is imposed for the velocity field in order to minimize the effect of the assumed
outer boundary condition, and a constant concentration condition for the scalar fields, i.e., c =

1.0 and 0 at the top and bottom boundaries, respectively.

2. 2 Numerical Scheme

A pseudo-spectral method with Fourier expansions in the x and z directions and Chebyshev
polynomials in the y direction, is employed for spatial discretization of the velocity and scalar
fields at ScL = 1.0, 3.0 and 5.0. The numbers of modes employed for the velocity field in the
three directions are (kx , ky , kz ) = (64, 288, 64) and their spacings are (Dx+

 , Dy+
 , Dz+

 ) = (18.4,
0.0045 ~ 0.82, 7.2). Time advancement is made by the second-order Adams-Bashforth method
for the convective terms and the Crank-Nicolson method for the diffusion terms. The details of
the numerical algorithm employed are essentially the same as those of Lombardi et al. [1].

2. 2. 1. Hybrid DNS / LES scheme

In order to calculate the concentration filed at the Schmidt number of ScL = 100, we propose a
hybrid DNS / LES scheme in which DNS with high-resolution grids is applied within the near-
interface region, while LES with coarser grids for the outer layer (see, Fig. 2). For spatial
discretization, Fourier expansions are used in the x and z directions, while the second-order
finite difference scheme is employed in the y direction in order to avoid complexity of numerical
procedures. The computational domain in liquid is divided into three regions, i.e., DNS region
(0 < y+

L < 16.8), buffer region (16.8 < y+
L < 21.5), and LES region (y+

L > 21.5). The numbers of
modes and grid points employed in each region are listed in Table. 1.
  Since the finer grid system is employed for the scalar field in the DNS region, the fluid veloci-
ties should be appropriately interpolated in order to evaluate the convective terms accurately. In
this study, the Fourier-Chebyshev interpolation scheme, in which fast Fourier and Chebyshev
transforms are used by setting the components of higher wave numbers to be zero, is employed.
  In the outer layer, the same grid system as that of the velocity field is employed. Since the grids
are not fine enough to resolve the scalar dissipation, the constant Smagorinsky model is intro-

duced in order to dissipate the scalar fluctuation appropriately. This results in:

noigeR k
x

N,
y

k,
z

Dx
L

+ Dy
L

+ Dz
L

+

SND <0 y
L

+ 5.61< 215,59,215 3.2 43.0~200.0 9.0

reffuB <5.61 y
L

+ 6.12< 215,41,215 3.2 83.0~53.0 9.0

SEL <6.12 y
L

+ 051< 46,423,46 4.81 83.0~200.0 2.7

Table. 1: Number of modes kx, kz and grid points Ny, and their spacing Dx+, Dy+ and

Dz+ for three regions in hybrid DNS/ LES scheme.
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The model coefficient Ds is determined by the previous a priori test data for a low Schmidt
number, since it was found that the model coefficient is almost independent of the Schmidt
number near the interface [5]. It is possible to use more complex models such as dynamic
Smagorinsky model or mixed model to improve the model prediction. It should be noted, how-
ever, that most change of the mean concentration occurs in the DNS region (see, Fig. 4) and
therefore, the effect of the SGS model on the total scalar transfer is insignificant.
  As is well known, employment of a hybrid scheme such as detached eddy simulation, fre-
quently leads to a mismatch of the mean profile at the connection point between two schemes. In
order to avoid this, we establish a buffer region between the two regions, where the SGS model

is gradually imposed as going away from the interface by increasing the Smagorinsky constant.

2. 2. 2. Lagrangian method

We also applied a Lagrangian method to the mass transfer at the high Schmidt numbers from
100 to 1000. In this method, the concentration field is represented by the probability density
function of a large number of scalar markers, which move due to the convective and molecular
effects. The details of the numerical scheme can be found in Papavassiliou and Hanratty [4].

3. Results

3. 1 Velocity field

The velocity fluctuations in gas and liquid are shown in Fig. 3 as a function of the distance from
the interface. In liquid, the horizontal velocity fluctuations uL rms and wL rms have peaks at their
interface, while those in gas are decreased with approaching the interface. These differences
result from a high density ratio Rr of the two fluids in Eq. (4). Hence, the interface is similar to
a solid wall for gas, while a free surface for liquid. However, coherent structures scaled by the
shear units, such as low and high speed streaks and quasi-streamwise vortices, are observed in
both phases despite the difference in the effects of the boundary. Since the present paper focuses
on the scalar field, the statistics of the velocity fields are referred to the previous work [1].
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3. 2 Scalar field

3. 2. 1. Eulerian analysis

The mean concentration profiles for different Schmidt numbers near the interface are shown in
Fig. 4. In all cases, the change of the mean concentration mainly occurs in the liquid phase, and
the thickness of the concentration boundary layer rapidly decreases with increasing the Schmidt
number. At ScL = 100, more than 95% of the mean concentration change occurs in the DNS
region (y+

L < 16.8), and a smooth profile without a mismatch at the connection between the DNS
and LES regions is obtained by the hybrid scheme. In Fig. 5, the concentration fluctuations in
liquid are shown. Although the location of the peak approaches the interface in inverse propor-
tion to Sc

L
1/2, the concentration fluctuation outside the DNS region is not negligible even at ScL

= 100, which indicates the importance of coupling between the concentration fields in the DNS
and LES regions.
  In Fig. 6 a) and b), the correlation coefficients Rcu , Rcv between the concentration c and the
streamwise and normal velocities u, v are shown. Although the concentration field at higher
Schmidt numbers is less analogous to the velocity field far from the interface, the correlation
coefficient between the concentration and normal velocity Rcv is kept high around 0.6 near the
interface. This suggests that the scalar fluctuation responds to the normal velocity fluctuation
quickly even at high Schmidt numbers. This tendency presents a striking contrast to that of Rcv

near a solid wall [6], in which the scalar fluctuations at higher wave numbers are more damped
and the analogy between momentum and mass transfer breaks down.  In Fig. 7 a) and b), instan-
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taneous distributions of the interfacial scalar flux q at Sc
L
 = 100 and the surface divergence b are

shown. The surface divergence can be interpreted as a degree of replacement of the fluids near

the interface with those beneath the interface, i.e., surface renewal, which is defined as:
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  In Fig. 7 a), fine-scale streaky structures and large spotty structures with low and high interfa-
cial scalar flux q, are observed. The spotty high scalar flux regions coincide with high surface
divergence regions in Fig. 7 b), where the low concentration fluid impinges to the interface.
These spotty structures are observed in both low and high Schmidt numbers, and result in high
correlation R cv near the interface (see Fig. 6 b)).
  In Fig. 8 a) and b), distributions of the interfacial scalar flux q and the surface divergence b
along the z direction, and the simultaneous velocity and scalar fields in the y-z plane are shown.
The spatial distribution of the interfacial scalar flux exhibits sharp changes, which correspond to
the fine-scale streaky structures with low interfacial scalar flux observed in Fig. 7 a). On the
other hand, the striking peaks coincide with the high surface divergence regions caused by up-
welling flows associated with quasi-streamwise vortices, i.e., splatting. This indicates that the

Fig. 7: Distribution of a) interfacial scalar flux q at ScL = 100, and
b) surface divergence b and the velocity vectors.

Fig. 8: a) Profiles of interfacial scalar flux q at ScL = 100: , and surface divergence b: ,
b) Instantaneous scalar field at ScL = 100, and velocity vectors in y-z plane.
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splatting penetrates the concentration boundary layer and enhances the interfacial mass transfer.

3. 2. 2. Lagrangian analysis

In the Lagrangian method, 128 x 128 scalar makers are uniformly disposed at the interface as an
initial condition and the time development of the probability density functions of the makers
was calculated to investigate the mechanism of scalar transfer from the interface to the bulk in
liquid. In Fig. 9, the distributions of the scalar markers at different Schmidt numbers near the
interface (y+

L < 3) at t+
L = 100 after release are shown. Since the convective effect governs the

movement of the scalar makers at high Schmidt numbers, the markers nearly follow the fluid
particles and cluster around low speed streaks where the surface divergence is negative (see,
Fig. 9 c)). On the other hand, spotty regions with few particles, caused by up-current of the high
speed fluid beneath the interface, are also observed. These results are consistent with those
obtained by the hybrid scheme, in which the concentration field near the interface is character-
ized by the low concentration spots caused by splatting, and the high concentration streaks.
  In Fig. 10, the typical velocity field around a scalar maker which passes downward y+

L = 3
plane at Sc

L
 = 100 is obtained by linear stochastic estimation. It is observed that quasi-streamwise

vortices cause the strong downward motion near the interface and enhance the mass transfer.

3. 2. 3. Gas transfer rate

Finally, the gas transfer rates at high Schmidt numbers obtained by the hybrid DNS/LES scheme
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and the Lagrangian method are compared in Fig. 11. The previous experimental data obtained
by Hanratty [7], and the numerical data by De Angelis et al. [3] and Calmet and Magnaudet [8]
are also plotted. The gas transfer rates K+ = K / ut L at ScL = 100 obtained by the hybrid and
Lagrangian methods are 0.0097 and 0.0095, respectively, and show very good agreement. If we
assume that the time scale of the quasi-streamwise vortex should be equal to p lv / ut L , where lv

+

= 35 is the diameter of the vortex estimated from the spanwise two point correlation of the
normal velocity v (see, also Fig. 10), K+ = 0.095 ScL

 -1/2 is obtained by using the surface renewal
theory. The quantitative agreement between our results and the model prediction indicates that
the surface renewal is governed by the quasi-streamwise vortices in liquid. The gas transfer rate
is inversely proportional to ScL

1/2, and the qualitative agreement between the present and previ-
ous data is fairly good. The underestimation in the present study is mainly due to the low Reynolds
number flow considered here, since the normal velocity fluctuation near the interface, i.e.,
splatting, is enhanced with increasing the Reynolds number. At high Reynolds numbers, the

effect of capillary waves should be also taken into account. It will be studied in our future work.

4. Conclusions
High Schmidt number gas absorption into liquid across an air-water interface was successfully
calculated by the hybrid DNS/LES scheme, suggesting that it is a promising tool for analyzing
multiple-scale heat and mass transfer phenomena. Due to the wind shear, coherent turbulent
structures are generated in liquid, and quasi-streamwise vortices induce impingement of up-
welling flows on the interface, i.e., splatting. The splatting motion causes intermittent low con-
centration spots near the interface and enhances the interfacial scalar flux by replacing the fluids
adjacent to the interface with those beneath the interface. With an assumption that the surface
renewal period should be equal to the typical time scale of the quasi-streamwise vortex, the gas
transfer rate was well predicted. The results indicate that it is the quasi-streamwise vortex scaled

by the shear units that governs the mass transfer across a shear-driven air-water interface.
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