
In this study, direct numerical simulations of free surface flows are used to evaluate three different methods of estimating air-water gas exchange, 
𝐹𝐹𝑔𝑔𝑔𝑔𝑔𝑔 = 𝑘𝑘 𝐶𝐶𝑤𝑤 −  𝐶𝐶0  where k is the transfer velocity (or piston velocity) and Cw and C0 are the gas concentration in the bulk of the water  and at the 
surface respectively. The evaluated methods estimate the piston velocity as a function of; horizontal flow divergence at the surface, dissipation rate 
of turbulent kinetic energy underneath the surface, and heat flux through the surface and compare these to parameterizations using the wind 
speed at 10 m above the surface. 
 
The flow is driven by natural convection, applied as a fixed surface heat flux. The heat flux cools the surface resulting in cold plumes going 
downwards, see Figure 1. The influence of a clean and a surfactant-laden surface is studied by applying a slip and a no-slip surface momentum 
boundary condition at the surface, for the momentum equations, respectively. The results of the present study are compared to previous results 
with a surfactant boundary condition1. 
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The flow configuration comprises a fully developed turbulent flow bounded horizontally (x- and y-directions) by cyclic boundary conditions and 
vertically (z-direction) by parallel walls, with a slip wall boundary condition at the bottom boundary wall and two different kinds of wall boundary 
conditions at the surface boundary wall (i.e., slip and no-slip) , see Figure 1. 
 
The heat flux (Q = 100 W/m2) out of the surface boundary is fixed and the bottom boundary is modeled adiabatic (no heat flux). A volumetric heat 
source is added equally distributed over the domain to balance the heat loss caused by the heat flux through the surface boundary. A passive scalar 
is solved in order to study the influence of the different surface boundary conditions appropriate to the surface exchange of heat and a sparsely 
soluble gas (fixed surface concentration condition). 
 
The simulations are carried out using the OpenFOAM, an open source computational fluid dynamics tool with a collocated finite volume approach. 
Time and space are discretized using the second-order Crank-Nicholson and the second-order central differencing scheme respectively. The time 
step δt was dynamically adjusted to keep the courant flow number Co < 0.5 in all cells. 

Methods 

Figure 2a shows a good agreement between present study and the simulations run with a pseudo-spectral code1. It can also be seen that the 
horizontal velocity rms decreases with increasing amount of surfactants, i.e. increasing Marangoni number (Ma), although the no-slip case and the 
saturated surfactant case never become equal. 
 
Figure 2b shows that the temperature gradient for the clean and the slip conditions and the saturated surfactant case and the no-slip cases coincide 
with the intermediate surfactant cases in-between. This implies that a no-slip boundary condition can be used for studying the heat flux for a 
saturated surfactant case. It can also be seen that a passive tracer shows similar results for the no-slip case but differs  somewhat for the slip case. 
 
Figure 2c shows that the turbulent kinetic energy dissipation is almost the same up to a surface boundary layer close to the surface where the no-
slip boundary condition gives up to four times increased dissipation. This is interesting when it comes to the use of the dissipation as a measure of 
the surface exchange velocity of heat and gases. The dissipation used to calculate the piston velocity below is taken at the boundary layer thickness, 
 𝛿𝛿𝑏𝑏𝑏𝑏, defined as the depth at which molecular diffusion accounts for only 5 % of the total heat flux.  
 
Figure 2d shows that the mean horizontal flow divergence shows a similar pattern as the dissipation with similar values but close to the surface. 
The divergence is however as expected decreasing as the surface is approached with a no-slip relative to a slip boundary condition. 
 
Figure 3a and 3b show that the piston velocity estimated using the divergence and the dissipation is similar and close to the parameterization of 
Cole and Caraco2  whereas the estimation via the heat flux is close to the parameterization of Wanninkhof3. It can also be seen that the piston 
velocity estimated with the dissipation matches the scalar flux within 5% for both slip and no-slip conditions. 
 
The piston velocity as a function of heat flux Q, turbulent kinetic energy dissipation ε and horizontal flow divergence a is calculated as 
 
         Heat4:  
 
         Dissipation5: 
 
         Divergence6:                                                         (a taken at the surface and boundary layer thickness for the free-slip and no-slip case respectively)             
 
where the exponent n varies with boundary condition  1 2⁄  < 𝑛𝑛 <  2 3⁄  for slip and no-slip conditions respectively. The study of actual values of  n 
for different boundary conditions has not been part of this study. 
 
 

Results and discussion 
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Figure 1. Instantaneous snapshots of the temperature (T), horizontal flow divergence (a) and the vertical velocity (w) corresponding to a surface 
heat flux Q = 100 W/m2. In order to facilitate the understanding only the temperature is given in the plot at the upper left corner and then the 
divergence is added in the upper right corner and then finally the computational domain is “opened” in order to see the cold plumes of downward 
moving cold water in the center picture and the streamlines colored with the vertical velocity at the left hand wall. It can be noted that the 
temperature field of the two “opened” walls are the same since there are cyclic boundary condition in the horizontal directions. 
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The piston velocity estimations by Wanninkhof (2009 ) and Cole and Caraco (1998) match the piston velocity from heat flux calculation for the free-
slip boundary condition reasonably well. The piston velocity is approximately three times less for the no-slip compared to the free-slip condition. 
 
kheat is very well modeled with a no-slip boundary condition compared to a saturated surfactant case (high Marangoni number). 
 
Altering the domain depth with a factor of two changes kheat with less then ± 5% whereas a change in heat flux alters 𝑘𝑘ℎ𝑒𝑒𝑒𝑒𝑒𝑒 ∝ 𝑄𝑄1 4⁄  (which matches 
well with the dissipation model assuming 𝜀𝜀~ buoyancy production 𝐵𝐵= 𝛽𝛽𝛽𝛽𝛽𝛽 𝜌𝜌𝑐𝑐𝑝𝑝⁄ ) for the free-slip case respecitvely7.  
 
The boundary layer thickness 𝛿𝛿𝑏𝑏𝑏𝑏 is approximately five times the length scale, zsm, according to the surface strain model7. 

Conclusions 

Figure 2. Vertical and tangential velocity statistics (a) and temperature statistics (b). The velocity and the temperature are normalized with the 
outer velocity scale 𝑊𝑊∗ = 𝐵𝐵𝐿𝐿𝑧𝑧 −1 3⁄  and the temperature scale Θ𝑠𝑠𝑠𝑠 = 𝜋𝜋 2⁄ 𝑔𝑔𝛽𝛽 −1 𝑃𝑃𝑃𝑃𝐵𝐵3 𝛼𝛼⁄ 1 4⁄  of the surface strain model respectively. The  
cases with a surfactants including the case “Clean“ are run with a pseudo-spectral code. Turbulent kinetic energy dissipation (c) and horizontal flow 
divergence (d). The dissipation and the divergence are normalized with the buoyancy production 𝐵𝐵 = 𝛽𝛽𝛽𝛽𝛽𝛽 𝜌𝜌𝑐𝑐𝑝𝑝⁄  and the inverse time scale (asm = 
1/tsm ) of the surface strain model respectively. The nominal values are also given corresponding to a surface heat flux Q = 100 W/m2. Vertical axes 
are given for scaling with domain depth, depth corresponding to a surface heat flux Q = 100 W/m2, and scaling 𝑧𝑧𝑠𝑠𝑠𝑠 = 2 𝐵𝐵 𝜐𝜐𝛼𝛼2⁄ −1 4⁄  according to 
the surface strain model. 
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Figure 3. (a) Piston velocity for no wind conditions for two parameterizations as in Figure 2b compared to present study. NS* implies that the 
horizontal flow divergence is taken at the boundary layer thickness for the no-slip case. The black bar at the top of the estimation of piston velocity 
via kheat during slip condition is indicating the approximate change while altering the domain depth 0.5Lz - 2.0Lz 7. (b) Piston velocity as a function of 
wind speed 10 m above the surface. (Animations of temperature flow field from present study and from field measurements with an IR-camera 
during poster session) 
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