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BBAACCKKGGRROOUUNNDD  

TThhee  wwaavvee  bboottttoomm  bboouunnddaarryy llaayyeerr  rreeffeerrss  ttoo  tthhee  tthhiinn  llaayyeerr  oo ff
fflluuiidd tthhaatt lliieess cclloosseesstt  ttoo  tthhee  sseeaabbeedd  tthhaatt  ccaann  ddiissssiippaatt     ee
ssiiggnniiffiiccaanntt  eenneerrggyy  ffrroomm  sshhooaalliinngg  ssuurrffaaccee  wwaavveess  iinn  aa
ttuurrbbuulleenntt  sshheeaarr  ffllooww  nneeaarr  tthhee  oocceeaann  fflloooorr..  

WWaavvee  BBoottttoomm  BBoouunnddaarryy  LLaayyeerr   (WBBL)
 

 

 

 
 

• Complex nonlinear relationships in a thin layer of high
vorticity.  

• Oscillatory fluid motion caused by surface gravity
waves interacts with the seabed. 

 
 • Turbulent dissipation caused by shear instabilities and

flow separation over a rough boundary is a sink for
wave energy. 

 
 

 
 

  

• Sand particles become entrained in the water column
and are redistributed to form sand ripples. 

• Ripples in by increasing wall
roughness a

This work is part ling Waves Initiative,
complimenting field the bottom boundary
layer conducted by hornton of the Naval
Postgraduate Schoo of 1999 at the Field
Research Facility in 

Our computational fluid dynamic (CFD) model is a mathematical
model that solves the three-dimensional, unsteady, Navier-Stokes
equation for an incompressible, homogeneous fluid on curvilinear
coordinates.  With this model, we simulate turbulent boundary
layer flows over rippled topographies in a small periodic domain of
the order of 100 cm3.

MMOODDEELL  FFOORRMMUULLAATTIIOONN  

• How is the fluid dynamics in the WBBL influenced by the
topography of the seabed? 

 
 

 
 

 
 

 
 

 

• What forces does the oscillatory flow caused by surface
waves produce on the ripples? 

• Under what conditions does the WBBL become turbulent?

• How do wave energy dissipation rates depend on ripple
shape, length, and amplitude? 

• How does the presence of rippled topography affect the
incident wave field?

MMOOTTIIVVAATTIINNGG  QQUUEESSTTIIOONNSS  
tion rates.
fluence the flow 
nd dissipa

of the ONR Shoa
 measurements of 
T. Stanton and E. T
l during the fall 
Duck, N.C. 



 

The bottom boundary is a fixed rigid wall (sand ripple) satisfying the
“no-slip” boundary condition, while the top boundary is a fixed rigid
lid allowing “free-slip” condition
 

s.   

 

The four horizontal boundaries of the domain are periodic in order to
simulate the flow conditions over an infinite number of ripples.   

We use 129 x 33 x 129 (nx x ny x nz) grid points for a domain size of
[Lx, Ly, Lz] = [10, 2.5, 10] cm, to ensure a grid spacing near the
boundary of the order of 0.1 mm normal to the wall and 0.5 mm along
the wall.  

Due to the complex nature of the terrain, the geometry is mapped to
curvilinear coordinates matching the topography and the equations are
solved with a grid transformation matrix for contravarient variables
(U,v,W,P).  The solutions are then mapped back to the Cartesian grid for
interpretation as physical variables (u,v,w,p).   

x, u 

ξ, U 

ζ, W 
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Figure 2. Coordinate systems (x-z) and (ξ-ζ) for the model. 

GGRRIIDD  TTRRAANNSSFFOORRMMAATTIIOONN  
 

Figure 1. Sketch of the problem geometry.  
 
 

The flow is forced with a horizontal pressure gradient simulating a
passing surface gravity wave, which induces an oscillatory free stream
velocity external to the boundary layer of the form: 
 

 

 
  

U = Um sin (ωt) 
 

Where, Um is the maximum wave-induced near bed velocity and 
ω = 2π/T is the wave frequency.  

The characteristic Reynolds numbers of the flow (Re = Umδτ/ν) are
based on the turbulent boundary layer thickness δτ and are of the order
of 20,000.   
 

s include: 

  
  
 

  

Although the model has the ability to perform Large Eddy Simulations
(LES), the results presented here are from Direct Numerical
Simulations (DNS) to better represent the small scales associated with
boundary layer flow.  Other model feature
 

• Third-order Adams-Bashforth variable time step 
• Fourth-order compact spatial differencing 
• A Poisson equation pressure solver using a fourth-order 

multi-grid method (MudPack) 
• Capability to simulate complex bottom topographies
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Similarly, the momentum equations for the v and w velocities are
obtained and the flow is forced with a horizontal pressure gradient,  
 

F(x) = Um ω cos (ωt) 

Becomes,
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The Navier-Stokes equations are transformed between the physical
variables on a Cartesian grid (u,v,w,p) and the contravarient variables on a
curvilinear grid (U,v,W,P) with the relations:
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 where ( )J x z x zξ ζ ζ ξ= −  is the Jacobian determinant of the

transformation.  From here, the derivatives are formed as,
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Now, the momentum equation in the x-direction for the three-
dimensional, incompressible flow: 
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GGOOVVEERRNNIINNGG  EEQQUUAATTIIOONNSS  

Figure 3. Grid layout in x-z plane for a sinusoidal ripple 1.8cm high and
10 cm lon

 
g. 
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In 1993, Ranasoma and Sleath studied combined oscillatory and steady
flow conditions over sand ripples using laboratory experiments.  Utilizing
the known wave parameters used to form these ripples, we were able to
simulate physically realizable boundary layer flows for different
topographies. A passing surface gravity wave, with characteristics: 

HH  ==  00..5544  mm        ••        LL  ==  99..00  mm        ••        TT  ==  22..4455  ss    
will induce maximum particle velocities near the bed of approximately 20
cm/s in 2.8 m of water.  Ranasoma and Sleath showed that boundary layer
flows of this nature create regular two-dimensional ripples 1.84 cm in
height and 10 cm in length.  From here, we developed four experimental
test cases to determine energy losses associated with the wave c
 

onditions: 

  

  
  

  
  

  

  
  

  
  

••    CCAASSEE  11:: OOsscciillllaattoorryy  ffllooww  oovveerr  aa  ffllaatt  bboottttoomm
  - Flat bottom 

- 20 cm/s maximum particle velocity
••    CCAASSEE  22:: OOsscciillllaattoorryy  ffllooww  oovveerr  ssiinnuussooiiddaall  rriipppplleess

- 1.84 cm sine wave ripple
- 20 cm/s maximum particle velocity

••    CCAASSEE  33:: OOsscciillllaattoorryy  ffllooww  oovveerr  sstteeeepp  rriipppplleess
  - 1.84 cm steep ripple

- 20 cm/s maximum particle velocity
••    CCAASSEE  44:: NNoonn--oosscciillllaattoorryy  ffllooww  oovveerr  sstteeeepp  rriipppplleess

- 1.84 cm steep ripple
- 20 cm/s uniform current

EEXXPPEERRIIMMEENNTTSS  RREESSUULLTTSS  

Figure 4.  Plan views (σ -surface) and cross-sections of velocity
vectors for oscillatory flow over a sinusoidal ripple at phases of
maximum onshore flow 
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Figure 5.  Slices of the horizontal vorticity component ( )1

y sω − , in an x-z 

plane at 2
yL

for a sinusoidal ripple during phases of (a) flow acceleration,

(b) maximum onshore flow, (c) flow deceleration, and (d) flow reversal.

 

 

Figure 6.  Slices of the horizontal vorticity component ( )1

y sω − , in an x-z 

plane at 2
yL

for a steep ripple d

maximum onshore flow, (c) flow d
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uring phases of (a) flow acceleration, (b)

eceleration, and (d) flow reversal.

 

 



 
 
 
 
 

RREESSUULLTTSS   
 

 

Figure 8. Volume averaged turbulent kinetic energy TKE  
( )2 for (a) oscillatory flows and (b) steady flows.2 /m s  

 
 
 
 
 
 
 

Figure 7.  Turbulent kinetic energ )2 averaged both horizontally (y
direction) and in time for oscillatory flow over (a) sine, (b) gaussian, and (c)
steep ripples. 
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DDiissssiippaattiioonn  RRaatteess  

  
 
 

 
 

From these results, we determine the average energy dissipation rates in the
boundary layer for each of the oscillatory flow cases: 
 
Case 1: 0.15 W/m3

Case 2:  1.00 W/m3

 Case 3: 5.00 W/m3

 
WWaavvee  EEnneerrggyy
Next, we determine the effect on the passing wave field.  The average
mechanical energy (per area) of our surface gravity (H = 0.54 m) wave is
calculated: 
  

 2

2
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EEnneerrggyy  DDiissssiippaatteedd 
Consider a hypothetical wave propagating in constant depth water  
h = 2.8 m, with wavelength L = 9 m, period T = 2.45 s, and phase velocity 3.7
m/s across a rippled bottom for a distance of 2 km taking 540 seconds. We
estimate the net wave energy dissipated across the boundary layer: 

 
 
  

 
Case 1:  8    J/m2

Case 2: 55  J/m2 
ase 3: 273 J/m2C

     
eeiigghhtt 
he wave field (in water of constant depth), using
otice a significant decrease in wave heights over
ttom.  The percent decrease in wave height (H =i

   
  

1.11 % Hf = 0.534 m
7.78 % Hf = 0.498 m 
49.1 % H = 0.275 m f

 
 
 
 

Figure 9. Volume averaged dissipation rates )  for (a) 
oscillatory and (b) st

 
eady cases. 

( 3/W m

 
 
 

PPeerrcceenntt  DDeeccrreeaassee  iinn  WWaavvee  HH
By tracking a single crest in t
the linear approximation, we n
ripples as opposed to a flat bo
0.54 m) for each case: 

 
  

 
Case 1 (flat bottom):  

ples):Case 2 (sinusoidal rip
Case 3 (steep ripples):
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CCOONNCCLLUUSSIIOONNSS  

ss oonnllyy aa  ssmmaallll  ppoorrttiioonn  ooff  tthhee  nuummeerriiccaa  n ll
ll ttoo  nneeaarrsshhoorree  rreesseeaarrcchh..   UUttiilliizziinn   gg
nnaammiiccss,,  wwee  ppllaann  ttoo  ddeevveelloopp  mmooddeellss  ttoo
ee  oonn  tthhee  fflluuiidd  pprroocceesssseess  iinn  tthhee  wwaavvee
..  

 es of various shapes and sizes.
f oscillatory and non-oscillatory flows
m varying wave fields. 
f combined flows, tides, and density

nteractions such as sand suspension and

me series data from observed wave fields
ve fields (surface chop). 
1-D WBBL models such as Grant and
 performed well for flat bed topographies.

FFUUTTUURREE  WWOORRKK   
IInn  ccoonnttrraasstt  ttoo  fflloowwss  oovveerr  aa  ffllaatt  bboottttoomm  bboouunnddaarryy,,  tthhee  pprreesseennccee  ooff
ssaanndd rriipppplleess hhaass bbeeeenn  oobbsseerrvveedd  ttoo  iinndduuccee  ssiiggnniiffiiccaannttllyy  hhiigghhee     rr
ttuurrbbuulleennccee  aanndd  ddiissssiippaattiioonn  rraatteess  iinn  tthhee  WWBBBBLL  tthhrroouugghhoouutt  tthhee
ffuullll  wwaavvee  ppeerriod. 
  

iod. 

 • With the introduction of ripples, boundary layer flows
become more complex and highly unsteady, even from the
simplest wave field. 

• Separation at the ripple crests has been observed to be  a
mechanism for the production of turbulence in the boundary
layer during phases of maximum flow. 

• For rippled topographies, turbulent bursts originating during
flow reversal are not damped out during flow acceleration
(as they are over flat beds) and remain strong throughout the
wave period. 

 

 • As the steepness of the ripples increase, the turbulence
levels rise and relatively large vortex pairs are observed
above the rippled crests.  This was noted for oscillatory and
non-oscillatory flows over steep ripples, but not for flat
bottoms or sinusoidal topographies.  

• Compared with flat beds, the turbulent kinetic energy
and dissipation rates are increased by more than 

 
a

TThhiiss  pprroojjeecctt  rreepprreesseenntt
iinnvveessttiiggaattiioonnss eesssseennttiiaa 
ccoommppuuttaattiioonnaall fflluuiidd  ddyy 
ggaaiinn aa nneeww ppeerrssppeeccttiivv   
bboottttoomm  bboouunnddaarryy  llaayyeerr
 

 
 

 

• Flow over rippl
• Comparisons o

over ripples fro
• Introduction o

stratification. 
• Fluid-particle i 

redistribution. 
 

 

• Forcing with ti
and random wa

• Evaluation of 
Madsen, which

 
 
 
 
 
 
 
 

factor of 6 for sinusoidal ripples and more than a factor
of 30 for steep ripples. 

 • Non-oscillatory flow over steep ripples has been
shown to exhibit some similar characteristics in the
boundary layer as oscillatory flow over the same
topography. 
Over a range of about 2 km of steep ripples, the inciden• t
wave height can be shown to decrease (in constant water
depth) almost 50% due to energy dissipation in the boundary
layer.
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