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Turbulent Flows
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‘Spatial and Temporal Scale Ranges

Decreasing scale
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The Energy Cascade

o0

» QOO0

Flux of
2 (OO0 o
Bl O0c00000O0ION00COOND000
RN R T L L RS NN \\ m

Turbulence and Energy Systems Laboratory

UNIVERSITY OF COLORADO BOULDER



Reynolds Number

Three dimensional turbulent eddies are stretched and torn
by nonlinear inertial processes, creating smaller and smaller
scales until velocity gradients become large enough and
viscous dissipation becomes strong enough for Kkinetic
energy to be transferred into heat.

Reynolds number:
Re = Nonlinear Inertial Processes / Viscous Processes = UL/v

Spatial and temporal scale ranges ~ Re%“
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Turbulence and Reynolds Number
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Geophysical Scale Ranges

Largest scale motions ~ 1 x 108 m
Smallest scale motions ~ 1 x 103 m

Nine orders of magnitude!
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Computational Simulations of Turbulence

The wide range of scales is a
big problem for computational
simulations of turbulent flows
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Computational Simulations of Turbulence
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The Computational Challenge

Earth surface area ~ 5 x 1014 m?
Atmosphere height ~ 1 x 103 m
Ocean depth ~ 1 x 103 m

Total simulation volume ~ 1 x 1018 m3
Grid cell volume ~ 1 x 109 m3

Total number of grid cells ~ 1 x 1027

1 day simulation ~1 x10°s
Time step ~ 0.1 s

Total number of time steps ~ 1 x 10°
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The Computational Challenge Continued

Total number of grid cells ~ 1 x 1027
Total number of time steps ~ 1 x 10°

Consider a “quantum” computer that
can calculate one cell at one step in the
time it takes for light to cross a
hydrogen atom (~1 x 1019 g)

Total simulation time ~ 1 x 10° years!
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Turbulence Modeling

Direct numerical simulation (DNS): Large eddy simulation (LES):
Solve all scales, high cost, high Resolve only large scales,
fidelity intermediate cost and fidelity
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Model Development

Develop subgrid scale models based on physics, exact governing
equations, and simulations of reduced scale ranges

E(k) Simulation 1: DNS  E(k) Simulation 2:
or LES of small- LES of large-

scale physics scale evolution
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‘The Oceanic Mixed Layer
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‘ Langmuir Turbulence
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Langmuir-Submesoscale Interactions

What are the interactions between Langmuir cells
and large submesoscale (~1-10 km) eddies?

Small-scale turbulence mixes and
destratifies boundary layer

fronts and filaments and restratify
boundary layer; associated with
symmetric instability
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Stokes Drift and Langmuir Cells
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The Craik-Leibovich Equations

The Craik-Leibovich Boussinesq (CLB) equation is the wave or phase-
averaged Boussinesq equation

d 1 .
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V=10
The Lagrangian velocity replaces the Eulerian velocity

Ur = W1+ Us = ’us(z) [COS(ﬁs)fC ER Sin('&s)f’]
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Simulations of Langmuir Turbulence
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Physical domain size, L, x L, x L,
Computational grid size, N; x N, x N,
Grid resolution, &, x &, x 4,
Reference temperature, 6,
Reference density, pg
Coriolis parameter, f
Initial mixed layer depth, Hys 0
Friction velocity, u*

Surface wind stress magnitude, 7
Surface wind angle, 4,

Initial surface temperature cooling, w'#(z = 0)
Horizontal buoyancy gradient, M? = |8b/dy|
Thermocline stratification, N? = 8b/8z
Surface stokes drift, U,(z = Om)
Stokes drift angle, ¥,

Turbulent Langmuir number, La, = \/u*/U,(0)

20km x 20km x-160m | 20km x 20km x-160m
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Initial Condition
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Submesoscale Evolution
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Small-Scale Evolution

t = 20367 mins
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‘SmaII-ScaIe Evolution

I3 02 ¢ = 20367 mins
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Temperature
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Vertical Velocity
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A Closer Look at Vertical Velocity
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‘ Kinetic Energy Spectra
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Momentum and Temperature Fluxes
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Mixed Layer Depth
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‘ Instabilities

Langmuir Turbulence Shear-Only Turbulence
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Summary and Conclusions

 Turbulent flows are enormously difficult to understand and
simulate computationally

* In geophysical flows we attempt to reduce the computational
load through subgrid scale modeling

» There are weak effects of Langmuir turbulence on submesoscale
motions

« Submesoscale motions themselves have a substantial effect on
Langmuir turbulence

« Langmuir turbulence should be parameterized in larger scale
climate and weather simulations
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