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Introduction

In this study, direct numericalsimulationsof free surfaceflows are usedto evaluatethree different methodsof estimatingair-water gasexchange,
oz @ % F %) wherekisthe transfervelocity (or pistonvelocity)and G, and G, are the gasconcentrationin the bulk of the water andat the

surfacerespectivelyTheevaluatedmethodsestimatethe pistonvelocityasa function of; horizontalflow divergenceat the surface dissipationrate
of turbulent kinetic energyunderneaththe surface,and heat flux through the surfaceand comparetheseto parameterizationausingthe wind
speedat 10 m abovethe surface

The flow is driven by natural convection,applied as a fixed surface heat flux. The heat flux coolsthe surfaceresulting in cold plumesgoing
downwards,seeFigurel. Theinfluenceof a cleanand a surfactantladen surfaceis studied by applyinga slip and a no-slip surfacemomentum
boundarycondition at the surface,for the momentumequations,respectively Theresultsof the presentstudy are comparedto previousresults
with a surfactantboundaryconditiont.

Conclusions

Thepistonvelocityestimationsby Wanninkhof(2009) and Coleand Caracq1998)matchthe pistonvelocityfrom heatflux calculationfor the free-
slipboundaryconditionreasonablywvell. Thepistonvelocityis approximatelythree timeslessfor the no-slipcomparedto the free-slip condition.

k, isverywell modeledwith a no-slipboundaryconditioncomparedto a saturatedsurfactantcase(high D & v Pniuriber).

Alteringthe domaindepth with a factor of two changes, with lessthen + 5%whereasa changein heatflux alters Gy g3 3°%8 (whichmatches
well with the dissipationmodelassuming¥ buoyancyproduction $= U C 8é7%) for the free-slip caserespecitvely.

Theboundarylayerthickness  js approximatelyfive timesthe lengthscale, I, , accordingo the surfacestrainmodelf.
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Theflow configurationcomprisesa fully developedturbulent flow boundedhorizontally (x- and y-directions)by cyclicboundaryconditionsand g %_ g %_ E
vertically (zdirection) by parallelwalls, with a slip wall boundaryconditionat the bottom boundarywall and two different kindsof wall boundary Q 9
conditionsat the surfaceboundarywall (i.e., slipandno-slip) , seeFigurel.
Theheat flux (Q = 100W/m?) out of the surfaceboundaryis fixed andthe bottom boundaryis modeledadiabatic(no heat flux). A volumetricheat
sourceis addedequallydistributed overthe domainto balancethe heatlosscausedoy the heat flux throughthe surfaceboundary A passivescalar
IS solvedin order to study the influenceof the different surfaceboundaryconditionsappropriateto the surfaceexchangeof heat and a sparsely
solublegas(fixedsurfaceconcentrationcondition)
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Thesimulationsare carriedout usingthe OpenFOAMan open sourcecomputationalfluid dynamicstool with a collocatedfinite volumeapproach.
Timeand spaceare discretizedusingthe secondorder CrankNicholsonand the secondorder central differencingschemerespectively Thetime 0 d)
step wwasdynamicallyadjustedto keepthe courantflow numberCo<0.5in all cells Y[m253] =[1/s]

Results and discussion

Figure 2a showsa good agreementbetween present study and the simulationsrun with a pseudaspectralcodée. It canalsobe seenthat the
horizontalvelocityrms decreasesvith increasingamountof surfactants|.e. increasingMarangoninumber(Ma), althoughthe no-slip caseandthe
saturatedsurfactantcaseneverbecomeequal

Figure2b showsthat the temperaturegradientfor the cleanandthe slip conditionsandthe saturatedsurfactantcaseandthe no-slip casesoincide
with the intermediate surfactantcasesin-between. Thisimpliesthat a no-slip boundary condition can be usedfor studyingthe heat flux for a
saturatedsurfactantcase It canalsobe seenthat a passiveracershowssimilarresultsfor the no-slip casebut differs somewhafor the slipcase

Figure2c showsthat the turbulent kinetic energydissipationis almostthe sameup to a surfaceboundarylayercloseto the surfacewhere the no-

slip boundaryconditiongivesup to four timesincreaseddissipation.Thisis interestingwhenit comesto the useof the dissipationasa measureof

the surfaceexchangevelocityof heatandgasesThedissipationusedto calculatethe pistonvelocitybelowis takenat the boundarylayerthickness,
Ly definedasthe depth at whichmoleculardiffusionaccountsfor only 5 %of the total heatflux.

Figure2d showsthat the meanhorizontalflow divergenceshowsa similar pattern asthe dissipationwith similarvaluesbut closeto the surface
Thedivergencdas howeverasexpecteddecreasin@sthe surfaceis approachedwith a no-sliprelativeto a slipboundarycondition.

Figure3a and 3b showthat the piston velocity estimatedusingthe divergenceand the dissipationis similarand closeto the parameterizationof
Coleand Caracé whereasthe estimationvia the heat flux is closeto the parameterizationof Wanninkho#?. It can alsobe seenthat the piston
velocityestimatedwith the dissipationmatchesthe scalarflux within 5%for both slipandno-slip conditions

Thepistonvelocityasa function of heatflux Q, turbulent kineticenergydissipation AAnd horizontalflow divergencea is calculatedas
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Divergenée takeffat the surfaceandboundarylayerthicknesdor the free-slipandno-slip caserespectively)

where the exponentn varieswith boundarycondition 12 < J< 2 @8 for slipandno-slip conditionsrespectivelyThestudyof actualvaluesof n
for different boundaryconditionshasnot beenpart of this study.
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