LES OF TURBULENT SURFACE SHEAR STRESS AND PRESSURE
GRADIENT DRIVEN FLOW ON SHALLOW CONTINENTAL SHELVES.

Guillaume Martinat Andres E. Tejada-Martinez
Coastal Physical Oceanography Civil & Environmental Engineering
Old Dominion University University of South Florida
Norfolk VA Tampa, FL.

martinat@ccpo.odu.edu aetejada@usf.edu

Chester E. Grosch
Coastal Physical Oceanography
Old Dominion University
Norfolk VA
enright@ccpo.odu.edu

ABSTRACT tion. The equations are solved in non-dimensional form. Let
Turbulent shear flows on shallow continental shelves are ( )* denote a dimensional quantity afid a non-dimensional
of great importance because tides and wind driven flows on quantity. The velocity scale ig;. = /77 /p* with 77 the
the shelf are drivers of the transfer of momentum, heat, and total stress on the bottom, the length scéfe= H* /2, with
mass (gas) across the air-sea interface. These turbulent flows H* the water depth. The non-dimensional vertical coordinate
play an important role in vertical mixing and transport of sed- is —1 < x3 < +1 with this scaling. The velocity scale used in
iment and bioactive material. Large Eddy Simulation is used the non-dimensionalization is;. so the Reynolds number in
to quantify the effects of pressure gradient and wind shear on the non-dimensional equationsRe;, .
the distinctive structures of the flow.
The Craik-Leibovich (hereafter C-L) equations are derived by
applying a time filter to the Navier-Stokes equations (Craik &
1 Introduction Leibovich, 1977). Application of a homogeneous, low-pass
Turbulence generated by currents, tides and wind driven Spatial filter to the non-dimensional C-L equations gives
flows on shallow continental shelves is of importance because

of the transfer of momentum, heat, and mass (gas) across the ou
- . . . =0

air-sea interface. Understanding the turbulence dynamics of I

this class of flows presents complications because of the pres- _

ence of a free surface, the necessity of including the flow inter-  du; ~ _ Ju; an 1 0% It 1 s— =
i i i _ali - tUj5- = —5-+ 7+7+78iij-a)k+Fi

action with a solid, no-slip bottom and also because the flow ¢ Ix; 9% ' Re, Ix2 9Xj La% i

can be driven by an imposed pressure gradient for example a ) (1)

tidal current, and/or a wind stress at the free surface or a com- \yhere an over-bar denotes application of the low-pass spatial
bination of both. In addition, the presence of a wave field can fjjter andu and @ are thei-th components, in the Cartesian
modify the flow substantially. o _ ~ coordinate systenfx;,x»,x3), of the non-dimensional space
The intent of the LES discussed in this paper is to sim-  and time filtered velocity and vorticity, respectivedyy is the
ulate the turbulent flow on shallow shelves having turbulence tqtally antisymmetric third rank tensor, afigis thei-th non-

scales of O(100) m in the horizontal and depths in the range of gimensional component of the imposed pressure gradient per
10to 50 m. On these scales the turbulent flow is homogenous njt mass. The non-dimensional, modified, space and time

in the horizontal. The purpose of our calculations is to elu- fijtered pressure is defined as
cidate the structure of the turbulence dynamics as driven by
pressure gradient driven (tidal) flow and surface stress driven

. . - _ 1 1 2 _
flow without and with waves. n=p+ E(gUiSUiSJr FuiUis). 2
t a
2 Governing Equations wherepiis the non-dimensional pressure.
Constant density flow is assumed because we assume The fourth (next to last last) term on the right hand side

that turbulent mixing is strong enough to remove stratifica- of the second equation in (1) is the non-dimensionalized C-L
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vortex force defined as the Stokes drift velocity crossed with
the filtered vorticity. The non-dimensional Stokes drift veloc-
ity is defined as

cosh(2kx3)

Vi = 2 sint?(kH)

and U3=U3=0, (3)

where x is the wavenumber of the dominant filtered-out
surface gravity wave. Here we only consider the dominant
wave, defined as that of the peak of the wave spectrum, but
equation (3) could be generalized to a wave spectrum by
integrating the product of the spectral density function and
(3) over the wave number spectrum.

The turbulent Langmuir number ida = (uf,/ug)2.
The characteristic Stokes drift velocityg, is defined as
Ui = o*k*a*?, wherew* is the frequencyx* = 2/A* is the
wavenumber witiL * the wavelength and* is the amplitude
of the dominant surface gravity wave. In the LES with the
C-L force reported herka; = 0.7 andA* = 6H*.

The subgrid-scale (SGS) stregs in (1), generated by spa-
tial filtering the C-L equations, is defined ag = Ujuj — U;0;.
The termtiu; gives rise to a closure problem and thus must

be parameterized. The deviatoric part gf (i.e. rﬁ =

Tij — 8ij k/3) is parameterized using the dynamic Smagorin-
sky closure and the dilatational part (i.6; 7i/3) is added

to the modified pressuré€]. The details of the implementa-
tion of the dynamic Smagorinsky closure are given in Tejada-
Martinez & Grosch (2007) (hereafter TMGO07) who also im-
plemented a different closure, the dynamic mixed closure of
Morinishi & Vasilev (2001), and studied the effects of varying
the SGS and the grid resolution on the results (see Appendix
C of TMGOQ7) and found that their results were relatively in-
sensitive to model used in computing the SGS. It should be
noted that, in contrast to previous LES of flows with LC such
as those of McWilliamset al. (1997), Li, et al. (2005) and
others, the viscous stress term (inversely proportion&do

we can have the pressure gradient parallel to xheaxis
so F1 #0 andF, = 0. In order to determind=; we
integrate thex; component of the momentum equation
from x3 = —1 to x3 = 1. This gives, in dimensionless

: Ju ls} _ = f
variables, (TX;>>@,:1 — <‘TX;>><3=71 = —2Re, F1. In this

=0and,
Xz=1

case, with the stress on the surface zér%’%)

with the non-dimensionalization(g%;) = Re;, thus
X3=—

1= 1. In addition, because the stress on the surface is zero,
I,

3X3)X3:1

Next consider the case in which there is an imposed surface
shear stress. Without loss of generality we take the wind
stress,ny # 0, to be parallel to the; axis. There may also

be an imposed pressure gradient at some angle te; thgis

which has componen®&P; /dx;" for i = 1,2. The correspond-
ing stresses associated with the pressure gradient are

%= (35‘;) H* i=1,2
1

~——~ T

Thus the stress in thg] direction is %y + 75 and that in
the x5 direction is r;‘,z. The magnitude of théotal stress
that due to the wind stress and the pressure gradient, 4s

(% + 75, )% + (15,)2. It then follows that the relationship of
the "friction velocities” is

(U5 )2 = /(U5 )2+ (U ))%+ (U5, 22, (@)
and that of the "stress Reynolds numbers” is
(Re)2 = /(Rey, )2+ (Rey, )22+ ((Rey, )22 ()

has been retained. The viscous stress term has been retained

because the present simulations resolve bottom and surface Ve setRe; =395 and chose the other terms so that 5 is sat-

viscous boundary layers where this term plays an important iSfied. We consider cases in which (2) the wind stress is dom-

role in the governing dynamics. inant Rey, =390 andRey, = 180), (b) the pressure gradi-
ent stress is dominanRé;, = Rey,, = 279) and (c) the wind
stress and pressure gradient stresses are ejegl £ 180

2.1 Boundary and Forcing Conditions andRey,, = 390).

As in TMGO07, we impose periodicity in the horizontal

(xq andxp) directions. Periodicity irk; andx, implies that

the flow is spatially homogeneous over these directions. A 2.2 Numerical Method

no-slip boundary condition and a zero normal flow (in the The numerical method used to solve the governing equa-

x3 direction) condition are both imposed at the bottom, thus tions combines ® order fractional time stepping with a hy-

Ui(X1,X2,—1) = 0 i = 1,2,3. Consistent with wave (phase) brid spatial discretization. The spatial discretization is spec-

averaging of the equations there is no deformation of the free tral in thex; andx, directions with %" and é" order compact

surface, thus a zero normal flow condition is imposed at the differencing and grid stretching in the direction. The SGS

surface, that isi3(x,%2,1) = 0. stress is represented by the the dynamic Smagorinsky closure
(Smagorinsky, 1963; Lilly, 1992). The details of the method

The remaining conditions are the forcing conditions. used to solve the governing equations, including the tempo-

the imposed pressure gradient and the imposed wind stress ral and spatial discretization, the grid stretching, the finite-

on the surface. We consider, first, the case in which the difference stencils, the SGS stress and the parallel implemen-

flow is driven by an imposed pressure gradient without tation, is described in detail in Appendices E and F of TMGO7

any surface stress. In this case, without loss of generality, and also in Tejada-Martinegt al. (2009).
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Figure 1. Mean velocity profiles for flows without wave
forcing : (a) Streamwise component, (b) Crosstream compo-

nent. Wind stress dominant in blue, equal wind and pressure
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gradient stresses in red and Pressure gradient stress dominantFigure 2. Mean velocity profiles for flows with wave forc-

in green.

3 Results
3.1 Mean profiles and flow visualizations

Figure 1 and 2 show streamwise and cross-stream
component mean velocity profiles normalized by the velocity
magnitude at midheight for respectively flows without wave
forcing and with wave forcing. Without any wave forcing,

ing : (a) Streamwise component, (b) Crosstream component.
Wind stress dominant in blue, equal wind and pressure gra-
dient stresses in red and pressure gradient stress dominant in
green.

of the streaks in the cross-stream direction is due to the cross-
stream pressure gradient. The magnitude of the tilt is depen-
dant on the balance between the wind stress and the pressure

only the balance of momentum between the pressure gradient gradient. The addition of the wave forcing results in a single
flow and the wind driven flow changes. The relative shape cell structure, panels (b), (d) and (f), in place of a two cell
of each mean profile stays identical wether the stress is structure, panels (a) and (c) or no coherent structure at all,

dominant or not.

With wave forcing, we observe major changes in the mean

profiles both on streamwise and cross-stram components,

all due to the CL forcing. U; has a negative slope of the
mean profile in the middle of the water column for the wind

panel (e).

3.2 Resolved Reynolds stresses
The normal and shear stresses are shown in figure 4
for cases without wave forcing and figure 5 for cases with

. . . . 1 T 1 H /o H
dominant and pressure gradient dominant cases and is almost Wave forcing. For cases with wind dominartyuj) is the

constant for the equal stresses case, meaning a more homo-

geneous flow than without wave forcing. Thie component
shows very different behaviors : with wind dominant, the
mean profile is closer to a laminar pressure gradient driven
flow profile than a turbulent one. With equal stresses, the
maximumU, velocity is located at mid height and the flow is
slightly slower at the top of the water column. With a pressure
gradient dominant, thid, profile is less modified by CL forc-
ing and closer to an unforced pressure gradient mean profile
The maximumU, velocity is still located at mid height but
the surface velocity is now almost equal to the mid height one.

Figure 3 showsr|/ < u; > on (xq,x2) plane atxz = 0 (mid
height). Mean flow is in the direction of increasirg The tilt

dominant normal stress both with and without waves. With
an increased contribution of the pressure gradig¢unfy)
decreases in the entire water column wHilu,) increases
near bottom. The result is a reduction of TKE near the surface
while it remains unchanged near the bottom.

Shear stresses are much weaker than normal stresses. Due to
the cross flow(u;u5) becomes non negligible on the bottom
thanks to the growth ofu,u,) and is the strongest when

the contribution of wind stress and pressure gradient on
the bottom stress are equajujus) is stronger than(u,us)

and symmetrical while wind stress is dominant and slowly
decreases as the pressure gradient contribution increases.
(Uyug) increases only in the bottom of the boundary layer
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Figure 3. Instantaneoud; velocity fluctuationon theix,
plane at mid height. (a) Wind dominant, (b)Wind dominant
with waves , (c) Equal stresses , (d) Equal stresses with waves
, (e) Pressure gradient dominant , (f) Pressure gradient domi-
nant with waves
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Figure 4. Resolved normal and shear stresses and TKE for
flows without wave forcing. The terms are normalized by
(u’;T)Z. The symbols for the normal stresses ase{uju;);

X (UsUy); +, (Uus); —, TKE. The symbols for the shear
stresses arex, (Uju); O,(UjU5); o, (UsUs).

while the pressure gradient contribution to the bottom stress
increases.

In every case, the CL forcing increasggu;) stress. As a
consequence for a pressure dominant flow with wave forcing,
(ujuz) remains high close to the bottom of the water column

since both{uju;) and(u,u,) are non negligible.
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Figure 5. Resolved normal and shear stresses and TKE for
flows with wave forcing. The terms are normalized(txg)z.

The symbols for the normal stresses argfuju}); x (Upus);

+, (UUy); , TKE. The symbols for the shear stresses are:
<U€I_u,2>v D7<u€|_u/3>r 07 <U’2U%>

3.3 Invariants of the Stress
Anisotropy Tensor
The Reynolds stress anisotropy tendmy, is (Lumley,

1978; Pope, 2001)

Reynolds

(6)

This is a real, symmetric second order tensor (matrix) with a
zero trace. Hence, it has three real eigenvalues of which one
or two, but not three, must be negative. The three eigenvalues
are invariants objj. Three other invariants df; are

| = bjj =trace(bjj) = 0; Il =byjbji; 1l = bijbjkbg. (7)

The "triangle” of Figure 6 in the(111/21111/3) plane is
the Lumley triangle (Lumley, 1978; Pope, 2001) and all
realizable states of turbulent flow must lie within it. The
trajectory begins at the first grid point above the bottom
(at xI = 1) in the viscous sublayer. This point is just
below the curve of two-component turbulence and in the
vicinity of the one-component vertex because, very close
to a solid boundary, the magnitudes @fju;) and (u,u,)

are much larger than that ¢fi;u;). Moving away from the
bottom boundary the trajectories in all cases move parallel
to the two-component side towards the one-component
vertex as(uju}) increases relative to the other two. A
short distance above the bottorxg(z 7) at the top of the
viscous sublayer reverse direction and move away from
the one-component vertex. This structure of the trajectory
is characteristic of all turbulent shear flows very close to
a solid boundary. Above the near wall region, the invari-
ant trajectory is sensitive to the structure of the particular flow.

The wind dominant and equal stress cases, both with no
wave, have a trajectory that is characteristic of a flow with
boundary layers at both the surface and the bottom with
substansial symmetry of the normal stresses about mid-depth.
Because of the symmetry, the trajectory in the upper half
is almost identical to the one in the lower half. The wind
dominant and equal stress cases both with wave have a
different trajectory. After reversing direction at the top of
the viscous sublayer, the trajectory moves parallel to and just
below the two-component side of the triangle towards the
two-component isotropic vertex. This occurs because the
C-L vortex drives(u,u,) comparable tquju)) in the upper
third of the water column. In the center of the water column
(Uruy) is smaller than the other two terms so the trajectory
crosses the triangle and is parallel to the axi-symmetric side
in the region of mid-depth and then moves back across the
triangle below mid-depth. In the upper third of water column
the trajectory is three-component for a distance, switches to
axi-symmetric and then to two-componentau;) — 0 at

the upper surface with the other two stresses becoming larger.

The pressure dominant trajectory with no wave forcing is
similar to the one of wind stress dominant until mid-height
of the water column where the trajectory moves towards a
disk shaped turbulence before coming back to a dominantly
one component turbulence. This occurs because around
mid height, though dominant on the bottorfu,u,) is of

the same order of magnitude gsju;), hence the two
component turbulence. However, since it is predominantly
created by the pressure gradient stréggl,) is close to 0

at the surface where the wind stress &ofly;) despite their
small magnitude are dominant inducing a predominantly one
component turbulence.
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Figure 6. Trajectory as a function of the distance from the
bottom of the invariants df; in the (111/2,111%/3) plane for
the three cases of for wind stress dominant flows without
waves (color) and with waves (black)] :-1 j x3 < —0.5,
+:-05<x3<05,0:05ix%<1

The pressure dominant trajectory with wave forcing is sim-
ilar to the one without wave forcing until the upper part of
the boundary layer where it remains close to the 2 component
vertex. This can be explained by the increaséutr,) to the

same order of magnitude as;u;) by CL forcing.

4 Conclusion
Though the dynamics of a surface stress driven and a
pressure gradient driven flow are different, without wave forc-
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ing, the balance between their stress does not impact signifi-
cantly the flow structure. In contrast, CL vortex force has a
significant impact, homogeneizing the flow and forcing a neg-
ative slope orlJ; mean profile near the middle of the water
column andU; in its upper part. This has important conse-
quences for turbulence parametrization since humerous mod-
els use a turbulent eddy viscosity concept where the Reynolds
stress anisotropy tensayj is modeled asjj = —2wS;j. Inits
simplest form, it reduces to respectivély, i7;) = —vtg—;‘é and
<J’16’2> = fvtg—;‘;. with %_1 and%g negative andt positive,

this simple parametrization gives positive Reynolds stresses
where negative stresses are oberved. Finally, the trajectory of
the invariant of the Reynolds stress anisotropy tensor has been
seen to be a sensitive indicator of the structure of turbulence.
When wave-current driven Langmuir circulation is observed,
the turbulence as a much more three-component structure than
when it is not.
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