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Abstract

The turbulent behavior of liquid and gas flows at a free surface is not very well understood in comparison with that of the
motions at the solid boundary. In the present study, the DNS for the turbulent free surface flow with a shear wind has been carried
out by means of a coupled gas-liquid flow solution procedure, i.e., multi-interface and advection and reconstruction solver (MARS)
developed by one of the authors. Henry’s law is applied to the evaluation of a saturated gas concentration at the free surface caused
by the carbon-dioxide gas absorption. Resulting from the present DNS of turbulent free surface flow with carbon-dioxide gas
transfer at the gas—water interface, the mean and root-mean-square distributions of velocity, pressure and concentration and their
fluctuations throughout both the gas and liquid flow fields are obtained and compared with the experimental data. Finally, an
exchange coefficient of carbon-dioxide gas at the turbulent free surface estimated in this study is in good agreement with the existing
experimental and sea-measurement data. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

The turbulent behavior of liquid and gas flows at a free
surface is not very well understood in comparison with that of
the motions at the solid boundary. However, turbulent be-
haviors of both free surface and solid wall cases are equally
important in the practical application. In addition, the mech-
anism of scalar transport into a turbulent liquid flows across
the gas-liquid interfaces or free surfaces is of great importance
in the industrial devices, especially a chemical process like gas-
absorption equipment and so on. Recently, the turbulent mass
transport of the carbon-dioxide is very important for the glo-
bal warming because of understanding the ‘“Missing sink™ due
to a mass imbalance of the carbon production and consump-
tion by human beings after the industrial revolution.

There are many studies on the liquid-side turbulence near
the free surface imposed with zero or very low shear flow
(Rashidi and Banerjee, 1988; Komori et al., 1989). In case of
the low wind velocity, most of the previous studies have con-
sidered that the turbulence structure is generated by the shear
rate in the liquid-side flow rather than by the coupling effect
between the gas- and liquid-flows. However, in case of the
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capillary and capillary-gravity range wind velocity, i.e., around
2-7 m/s, the turbulent characteristics near the free surface
could be influenced by a deformation of the free surface due to
the shear wind.

A few direct numerical simulations (DNSs) and experi-
mental investigations for the turbulent free surface flows have
been carried out because of the numerical and experimental
difficulties in numerical tracking/capturing and experimental
measurement of the transient deformation of the free surface.
Recently, DNS with coupling procedure of gas-liquid inter-
action was performed by Lombardi et al. (1996). However,
they still assumed that the interface was kept flat, i.e., this
assumption was similar to the previous study (Lam and
Banerjee, 1992). Angelis and Banerjee (1999) focused on the
capillary and capillary-gravity range wind velocity and pre-
sented some correlation between mass flux and turbulent
structure. Although their surface can be deformed by the shear
wind, the interface momentum and continuity treatments are
almost the same as Lombardi et al. (1996). Another free sur-
face treatment by Tsai (1998) was linearized by assuming a free
surface deformation of ¢ ~ O(Fr) and a free surface boundary
layer thickness & ~ O(Re'/?), with * < ¢ < d < 1. Here,
Reynolds number is based on the shear layer thickness /%, the
free-stream velocity U,, and kinematic viscosity of bulk fluid v
and Froude number Fr = U../(gh)"?, where g is the gravita-
tional acceleration. However, most of the liquid surfaces are
treated like a solid wall boundary condition. These treatments
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Notation

C concentration (molar fraction)

C, saturated concentration at free surface

D molecular diffusivity

Db turbulent diffusivity

Ec energy spectra of concentration

Er energy spectrum of F function

E; energy spectrum of ith velocity
component

F volume of fluid function

F, F of the mth fluid

Fr Froude number

F, CSF term for surface tension

G gravity term

H Henry’s coefficient

h gas/liquid layer height in solution domain

J turbulent exchange molar flux in
y-direction

kL gas exchange coefficient

ke wave number in streamwise direction

L streamwise length of solution domain

L, wavelength in streamwise direction

n normal vector to free surface

P pressure

P, pressure at free surface

Re Reynolds number = U, .4/v

Re. turbulent Reynolds number =u,h/v

S absorbed mass flux of carbon-dioxide gas

t time

u, v, w velocity vector

U, free-stream velocity

Urms, Urms, Wms  Toot-mean-square of velocity fluctuation
for U, V, W, respectively

u, v, w velocity fluctuation

w spanwise length of solution domain

X; coordinate of the ith direction

Xs free surface position

Greek

0 boundary layer thickness

e free surface deformation

¢ general variables

K curvature

u viscosity

v kinetic viscosity

p density

o surface tension

T shear stress

Subscripts

(e gas phase

() liquid phase

will have to meet the essential difficulty when the liquid surface
breaks due to a high shear flow.

On the other hand, in order to understand the gas-liquid
interaction at the turbulent free-surface for higher velocity
range, the authors have been developing a precise free-surface
capturing algorithm for two-phase flows, i.e., multi-interface
advection and reconstruction solver (MARS) (Kunugi, 1997),
and provided a high-quality initial turbulent field for both gas-
and liquid-flows via a time-dependent three-dimensional DNS
(Satake and Kunugi, 1998). Moreover, we have been investi-
gating the turbulent scalar transport from the air to the sea due
to the strong interaction between liquid and gas (Kunugi et al.,
1999a,b). However, in our previous study the potential of the
MARS to solve the multi-phase flows was only emphasized
and the preliminary DNS results were shown.

In the present study, DNS of turbulent free-surface flow
with the relatively low shear wind (around U,, = 2.15 m/s) has
been carried out by means of the coupled gas-liquid flow so-
lution procedure (MARS). Resulting from the present DNS of
turbulent free surface flow with carbon-dioxide gas transfer at
the gas—water interface, mean and root-mean-square distri-
butions regarding the velocity, pressure and concentration and
their fluctuations throughout both the gas and liquid flow
fields are obtained. Finally, exchange coefficients of carbon-
dioxide gas at the turbulent free surface estimated in this study
are in good agreement with the existing experimental and sea-
measurement data.

2. Governing equations

The treatment of multi-phase flows in MARS (Kunugi,
1997) is based on an interface-capturing method which con-
siders both liquid and gas flows as a single effective fluid with
variable properties; the interface is captured as a region of a
sudden change in fluid properties. This approach can be in-
corporated in a fully conservative form in the usual finite

volume method. In addition to the following conservation
equations for the mass and momentum, one has to solve an
additional equation for the volume fraction of one phase,
F(t,x;) as follows:

(F)=>"F, (1)

where F,, denotes a volume fraction of the mth fluid and ()
represents a spatial mean. One sets F = 1 for control volumes
filled with liquid and F = 0 for gas.

In the present study, the following assumptions for deriving
the governing equations are made: (1) Newtonian fluid is as-
sumed, (2) thermal properties are kept constant and (3) ther-
mal radiation and viscous dissipation can be neglected. The
continuity equation for the multi-phase flows of m fluids can
be expressed as

OF,,

OF,,
=m VE, =
o + (U-V)E,

ot

The momentum equation with the continuum surface force
(CSF) model proposed by Brackbill et al. (1992) can be written
by

oUu

E+V(UU):G—LVP—V-1+LFF. 3)

() ()

The CSF term, F, at the certain surface position x; can be
modeled as

Fu(x) = [orlxs) + 1a(x0); = 11(xs)aln(x:) (p(x:)) /Py )

where ¢ is the surface tension coefficient, «(x;) is the surface
curvature at x; and n(x,) is the normal vector to the surface at
xs. Other thermal properties, such as the mean density p, the
mean viscosity u and the viscous stress 7 are defined by the
following equations:
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(p) = (Fupn), P =(ps+p)/2,
() = [0, x {sign(F; — F) + 1}

+ ¢y x {1 —sign(F, — F) }]/2,
© = = [{w)/ (oD [1(v V) + (VU)T],

where the suffices, g and 1, denote the gas and the liquid phases,
respectively. ¢ is a general variable such as p and u. Another
average of properties at the free surface region is defined as
().

The momentum equation (3) can be solved by means of the
well-known projection method (Chorin, 1968). The velocities
at new time-step can be obtained by solving the Poisson
equation of pressure. Then, a fluid volume flux per one time-
step, OF can be calculated and transported by the multi-in-
terfaces advection and reconstruction procedure, that is, the
MARS (Kunugi, 1997). The accuracy of mass conservation for
the gas-liquid interacting flow situation is around 0.001% in a
million computation time-steps in case of a slug-plug flow
analyses of stratified flows in a horizontal duct (Kunugi et al.,
1999c¢).

The mass transport equation for the carbon-dioxide gas can
be expressed as follows:

0

5 PIC+V - ((p)CU) =V - (DVC) +5, (6)
where C is a concentration (i.e., mole fraction) of carbon-di-
oxide, D is a molecular diffusivity and S is an absorbed molar
flux at the free surface based on the following Henry’s law:

C,=P/H, (7)

()

where C; is a saturated concentration at free surface corre-
sponding to the saturation solubility, P, is an instantaneous
pressure at free surface and H is the Henry’s constant corre-
sponding to the pressure, P,.

As for the discretization of the governing equations on the
Cartesian coordinate system, the second-order scheme for the
spatial differencing terms is used on the staggered grid system
and the Euler implicit scheme is used for the first stage of
projection method to solve the momentum equation. The gas
absorption at free surface is treated as an internal boundary
condition based on Eq. (7).

3. Problem description

The physical problem treated here is the motion of two
Newtonian immiscible incompressible fluids, i.e., air and
water, with the deformation of the interface between them. In
Fig. 1, the problem schematic view is shown. Both gas- and
liquid-flows flow in parallel. The computational domain is
W =0.157 m in width (z-direction), 24 = 0.05 m in height
(y-direction) and L =0.281 m in length (x-direction). The
periodic boundary conditions in the spanwise (z) and stream-
wise (x) directions are imposed and the free-slip boundaries are
applied to both upper and lower boundaries in y-direction.
The initial free surface is located at the mid-plane of the total
height, i.e., # = 0.025 m. The bulk Reynolds number based on
the gas layer height (4) and the free stream velocity U, is
Re(= Uxh/v) = 3459. The initial liquid velocity is assumed to
be one-hundredth of the gas velocity in this study.

The number of the computational grids is 128 in z-direction
(spanwise), 300 in y-direction (height) and 192 in x-direction
(streamwise). The inclement of computational time-step is
around 107¢ to 10~ s depending on the cell Courant number
and residuals of the mass conservation. In order to investigate
the effect of grid refinement in y-direction on the turbulence

Free-Slip Boundary

Ay
Gas Flow
——)-
Liquid Flow
-
Y, vV l X, U

= 7

7
Free-Slip Boundary

Periodic Boundaries in x- and z-directions

Fig. 1. Computational domain and boundary conditions.

statistics at the free surface, we carried out two grid systems
with the same number of grids because of the limitation of the
computer memory: (1) uniform grid spacing (Ay = 167 um)
and (2) non-uniform grid spacing (Ay = 30 um: the closest grid
to the free surface). According to the results of the grid re-
finement test, it is found that the significant imbalance of the
turbulent energy budget at the free surface region was shown
in case of uniform grid spacing. On the other hand, in case of
non-uniform grid spacing the budget of turbulent kinetic en-
ergy seems to be reasonable as shown in Fig. 9. Therefore, the
later non-uniform grid spacing is used in the present study.

4. Results and discussion

Fig. 2 shows a snapshot of the instantaneous flow visual-
ization of the free surface behavior. The capillary wave motion
can be observed in the streamwise direction. A few small dwells
caused by a downdraft motion and droplet/bubble formation
can be observed locally. The friction velocity in gas phase u.,)
is around 0.08 m/s and for the liquid phase u. is around 0.02
m/s. These values are corresponding to the turbulent Reynolds
number of gas phase, Re, = 130 and that of liquid phase,
Re;) = 626. The turbulence became weak at the early stage of
computation because of relatively low Re.y), and then, it

Fig. 2. A snapshot of the instantaneous flow visualization of the free
surface behavior.
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Fig. 3. Mean velocity distribution in y-direction (y = 0.025 m is the
mean surface location).

recovered later due to the gas-liquid interaction: the liquid was
driven by the shear wind and generated the high turbulence
underneath the free surface. It can be considered that the
turbulence interaction between gas and liquid flows at the free
surface is very strong and important.

Fig. 3 shows the mean streamwise velocity distribution
along y-axis. The liquid velocity near the bottom of the liquid
region is kept small due to the hydrostatic pressure despite the
free-slip condition imposed at the bottom boundary (see
Fig. 5). It can be seen that the liquid velocity increases near the
free surface. This shows that the momentum of the gas flow
transports to the water due to the gas-liquid interaction at the
free surface. At the ceiling of the solution domain, the gradient
of mean velocity is almost zero, i.e., the mean velocity of the
turbulent boundary layer flow reaches to the free stream ve-
locity, U..

In order to investigate the magnitude of the surface defor-
mation, the mean free surface position, F,, and the root-
mean-square (rms) distributions of F are shown in Fig. 4. The
mean surface wave fluctuation height 0 is around +0.69 mm on
the basis of the initial surface position. This result is close to
the experimental data, around 1 mm (= +0.5 mm) by Komori
et al. (1989).

The mean pressure and the rms distributions of pressure
fluctuation are shown in Fig. 5. It can be seen that the hy-
drostatic pressure forms in the liquid region and the maximum
value of the rms distribution of pressure fluctuation is around
10% of the total hydrostatic pressure. This shows the very high
turbulence that might be generating at the free surface region.

Fig. 6 shows the rms distributions of the velocity fluctua-
tion in each direction. It can be seen that the peak rms values
appear at the free surface region. The streamwise velocity
fluctuation, u;y,s shows the bigger peak than other two com-
ponents because of two-dimensionality of this flow. The nor-
mal velocity fluctuation component, v,ys, is assumed to be zero
in most turbulent open-channel flow studies. However, in the
present study a large normal velocity fluctuation has been
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.§. " Vims
g 0.2r A * Wrms 7]
£ ” s
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Fig. 4. Mean free surface distribution and rms distribution of free
surface fluctuation.
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Fig. 5. Mean pressure distribution and rms distribution of pressure
fluctuation.

generated at the free surface due to gas-liquid interaction.
Judging from the rms distributions of the velocity fluctuation,
these turbulent flows in both gas and liquid phases can be
considered as a turbulent channel flow with a complete or
incomplete wall.

Fig. 7 shows the two-point correlation function in the
stream direction at three different heights: y = 0.02 m in the
liquid region, y =0.025 m at the free surface region and
y=0.03 m in the gas region. The correlation functions for
three velocity components become zero in the downstream
region. It shows that this flow has reached a fully developed
state. According to the correlation function of normal velocity,
it is found that the typical wavelength of the free surface is
around 0.03 m and a little shorter than those of both gas and
liquid phases. It is necessary to investigate the reason for this
discrepancy by means of computational flow visualization
techniques in the future.

Fig. 8 shows the energy spectra in streamwise direction
versus wave number £, at various heights: (a) y = 0.02 m, (b)
0.025 m and (c) 0.03 m. In the figures, E; denotes the energy
spectra for velocity component, i, and Er denotes for surface
position and E, for concentration. According to Fig. 8(b), the

[><102] 5 T T T T
4F -
£ 3f .
i 2f —
o
1F -
0 1 h 1 1
0 0.01 0.02 0.03 0.04 0.05
y [m]
30 T T T T
E -
£
o -

0
0 0.01 0.02 0.03 0.04 0.05
y [m]

Fig. 6. Root mean square of velocity fluctuation distribution.
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Fig. 7. Two-point correlation function in stream direction at three
different heights.

slope of the spectra is close to k=33, This means that the gas—
liquid interaction of turbulent flow is dominant for generating
turbulence in the free surface region. The slopes of spectra
(k%) in both liquid and gas regions as shown in Fig. 8(a) and
(c) are steeper than that at the free surface region. It means the
turbulence flows in both gas and liquid phases away from the
free surface have more dissipative features.

Fig. 9 shows the budget of turbulent kinetic energy. In the
figure, a solid circle shows the turbulent production, a solid
triangle shows the turbulent dissipation, an open diamond
shows the viscous diffusion, a plus shows the pressure diffu-
sion and an open square shows the turbulence diffusion term.
A turbulent convection is almost zero all over the region, so it
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does not show in the figure. Turbulent production, turbulent
dissipation, turbulent diffusion and pressure diffusion are
large in the free surface region. It can be seen that the pres-
sure diffusion is mainly balanced with turbulent dissipation.
The viscous diffusion also varies in the free surface region, but
the magnitude is small. Although the turbulent statistics can
be obtained, it is difficult to discuss on the quantitative
evaluation of the turbulence including gas-liquid interaction
in the free surface region because of unsteady large density
variation.

Fig. 10 shows the dimensionless mean streamwise velocity,
Unean /U, variation versus the distance from the free surface
(¥/h = 0 corresponds to the free surface and y/h = 1 to either
boundary of gas or liquid phase), and also shows the com-
parison between the present DNS results and the experimental
measurements by Nakayama and Nezu (2000). The solid line
shows the present DNS for the liquid velocity and an open
circle corresponds to the experimental results. The open tri-
angle shows the experimental results for the gas velocity and
the dashed line corresponds to the present DNS. Both results
are fairly-good agreement with each other for both liquid and
gas flows except the liquid velocity near free surface.

Fig. 11 shows the mean and rms concentration distribu-
tions. Although the molecular diffusivity D of carbon-dioxide
to the air is five orders higher than that of aqueous carbon-
dioxide to the water, the large mean and fluctuation of con-
centration appeared in both gas and liquid phases near the free
surface. It can be considered that the turbulent mixing is en-
hanced by the gas-liquid interaction there.

Fig. 12 shows the gradients of the mean concentration
distribution in each direction. The gradients in both spanwise
and streamwise directions show small magnitude
(102 to 10~ m™") and have similar profiles because of the
two-dimensionality of the flow. The gradient in normal di-
rection to the free surface is four orders higher than those of
other gradients and the peak value is around 5 x 10> m~'.

Fig. 13 shows the mean correlation of velocity and con-
centration fluctuations along y-axis. All correlations show a
similar tendency, however, the magnitudes of v'c’ and v/c’ are
greater than w'c’ at the free surface region.

From these results, the turbulent gas exchange coefficient
can be estimated by using a turbulent diffusivity Dy, based on
the following definition:

107" 10" e T

107 107

—10° 10°

o 10

o

uf10°® 10°®

:210‘6 10°
207 107F :
10° F —E,, {0® F— g, ——E- ] 10°F —E, .
10" Fy=002m 1 10™F y=0025m 1 10"} y=003m .
107 o e [ — 107"t —
Oy 1 Wom 1@ i ttimy 1

(a) (b) (©

Fig. 8. Energy spectrum in streamwise direction for various heights.



250 T. Kunugi et al. | Int. J. Heat and Fluid Flow 22 (2001) 245-251

2 T T T v T

@:Prod.
A:Diss.

Ex <:Visc.Diff.

4 1 +:Pres.Diff ]

E O:Turb.Diff.

£

30|

2

34

-2 1 " 1 1 1 "
0 0.01 0.02 0.03 0.04 0.05
y [m]

Fig. 9. Budget of turbulent kinetic energy.

Liquid Expt.: O, A T

0
0O 02 04 06 08 1
y/h

Fig. 10. Dimensionless mean streamwise velocity, Upean/u, variation
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—v'cd = Dlurb aa_i 5 (8)
where the over-bar denotes the average over the time and
horizontal (x—z) plane. From the present DNS, it can be esti-
mated that Dy, = 1.5 x 1076 to 4 x 1076 (m?/s).

The turbulent exchange molar flux in y-direction, J can be
calculated from the following mass transfer equation using a
gradient of mean concentration and a turbulent gas exchange
coefficient & :

oC
J=-D— 9
5 ©)
J =k,AC. (10)
Substituting Eq. (9) to Eq. (10), &k, can be obtained by
oC
=-D— /A 11
kL ay C7 ( )

where AC is the liquid concentration difference between the
free surface region and the bottom boundary, i.e.,
AC = 0.33-0.78. The turbulent gas exchange coefficient k; can
be estimated around 5 x 1077 to 2 x 107 m/s and is almost
the same order of the existing measuring data (Liss and
Merlivat, 1986) as shown in Fig. 14. This higher diffusive re-
gion is being extended into the deeper liquid region due to
turbulent mixing.

10’3 T T T T
10* 7
Q)
E
Z10° 4
10° 7
- - - : Liss & Merlivant (1986)
X :Measurements at sea
== . Present study
10»7 1 1 1 1
107 10°
u(m/s)

Fig. 14. Comparison of gas exchange coefficients between measuring
data and the present DNS result.
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5. Conclusion

The DNS for the turbulent free-surface flow with shear
wind has been carried out by means of the coupled gas-liquid
flow solution procedure, i.e., MARS method. From the present
DNS results, the turbulent statistics for the free-surface char-
acteristics are obtained and agree well with the experimental
data (Nakayama and Nezu, 2000). It is found that the inter-
action between gas and liquid flows is very important for tur-
bulent generation at the free surface due to shear wind. Henry’s
law can be used for the evaluation of a gas concentration at the
free surface due to carbon-dioxide gas absorption. According
to the concentration distribution of carbon-dioxide throughout
both gas and liquid flow fields, a gas exchange coefficient of
carbon-dioxide absorbed by water at the turbulent free surface
is obtained and agrees well with the existing sea-measurement
data (Liss and Merlivat, 1986). However, it should be neces-
sary to investigate a more detailed mechanism of the gas
absorption at liquid free surface caused by shear wind.
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