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waves the presence of negative surface stress is not a clear indicator of flow separation
as discussed thoroughly by Gent & Taylor (1977). Close inspection of the near-surface
average streamlines (not presented) shows no hint of flow separation in this case: the
average streamlines smoothly follow the wave surface. The appearance of the negative
surface stress near the crest is a consequence of the sharp vertical change in the u
velocity field. As noted previously (see § 7.7), just aft of the crest the u-component of
the surface orbital velocity is positive but at the same streamwise location just slightly
above the surface the wave-induced velocity perturbation is negative. As a result the
u velocity profile, in a coordinate system moving with the wave phase speed, has an
elevated local minimum which results in a negative surface stress.

8. Conclusions
A numerical scheme that utilizes co-located differencing and a conformal trans-

formation can be successfully applied to the direct numerical simulation (DNS) of
turbulent flow over idealized moving sinusoidal waves. The use of cell-centred Carte-
sian velocity components as fundamental unknowns coupled with contravariant flux
velocity components at the cell faces simplifies the advective operators and makes
the co-located scheme attractive for flows with complex geometries. Our numerical
results reproduce analytic solutions for two-dimensional laminar flow over a station-
ary small-wave-slope sinusoidal waveform. Computations of plane turbulent Couette
flow with flat boundaries are in good agreement with existing laboratory results and
other numerical simulations.

Simulations of turbulent flow over two-dimensional moving water waves were
carried out at a wall Reynolds number Re∗ = 130. In the present idealization, the
wave shape and associated orbital velocities are imposed, i.e. the waves do not evolve
under the action of the wind. The results show that the waves significantly influence
the mean flow, vertical momentum fluxes, velocity variances, pressure, and form stress
(drag) depending on wave age c/u∗ (ratio of wave speed to wall friction velocity) and
wave slope ak. At low values of c/u∗ < 14 moving waves increase the form stress (or
drag) compared to a stationary wave, while at c/u∗ > 14 the form stress changes sign
and acts to drive the wind.

The mean vertical velocity profiles in the presence of waves obey the log-linear
form u/u∗ = 1/κ ln z/zo but the von Kármán constant κ and roughness length zo
depend on c/u∗ and ak. zo is maximum for c/u∗ = 7.8 while for fast moving waves the
roughness length is only slightly larger than for a smooth flat boundary. Consistent
with the increased surface roughness, the mean velocity profiles display shorter buffer
and longer logarithmic regions at small c/u∗. The variation of zo with wave age is
a consequence of the sign change of the surface form stress since the surface drift
velocity is identically zero. Also, we found that waves tend to reduce κ by slightly
more than 10%. Turbulence statistics show that the wave-correlated effects depend on
wave age and wave slope but are primarily confined to a region kz < 1 (where k is the
wavenumber of the surface undulation and z is the vertical coordinate); the turbulent
momentum flux is altered by as much as 40% depending on the combination of ak
and c/u∗.

In general the mean flow tends to follow the undulating moving wavy surface.
A region of closed streamlines (or cat’s-eye pattern) centred about the critical layer
height was found to be dynamically important at low to moderate values of c/u∗. At
small c/u∗, the centre of the cat’s-eye first forms slightly upwind of the trough and
close to the undulating surface. With increasing c/u∗, the cat’s-eye pattern thickens
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and moves upstream of the wave trough. At c/u∗ = 11.5, the centre of the cat’s-
eye forms well above the surface and only slightly influences the flow patterns. The
presence of slow moving fluid in the cat’s-eye causes the mean streamlines to be
deflected away from the moving wavy surface.

Contours of wave-correlated velocity and flux fields also are strongly dependent on
the variation of the critical layer height zcr and to a lesser extent the surface orbital
velocities. Above the critical layer the positions of the maximum and minimum
wave-correlated vertical velocity ww depend on the shape of the critical layer: the
maximum and minimum in ww occur upwind and downwind of the peak in zcr ,
like a stationary surface. The variation of the horizontal wave-correlated field uw
is more tightly coupled to conditions above and below the critical layer height. The
wave-correlated flux uwww is positive (negative) above (below) the critical layer height.
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of Naval Research and by the National Science Foundation through the National
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