


Ripples in the Hunter River, New South Wales, Australia 

Image courtesy of M.C. Rygel 



Authors Flow Regime Flow model Results 

Richards 1980 
J. Fluid Mech. rough 

Rotational 
Effect of the flow depth 
included 

Dunes 
Ripples  

Engelund & Fredsoe, 1982, 
Ann. Rev. Fluid Mech. 

Sumer & Bakioglu, 1984  
J. Fluid Mech. smooth 

Rotational 
Boundary layer 
Infinite flow depth 

Ripples 

Fourriere et al, 2010 
J. Fluid Mech. rough 

Rotational 
Effect of flow depth 
included 

Ripples 

Colombini & Stocchino, 
2011, J. Fluid Mech. 

rough 
transitional 
smooth 

Rotational 
Effect of flow depth 
included 

Dunes 
Ripples 
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2D REYNOLDS EQUATIONS + CONTINUITY 

BOUSSINNESQ’s TURBULENCE CLOSURE 

EDDY VISCOSITY 
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SEDIMENT CONTINUITY EQUATION (EXNER) 

BEDLOAD FUNCTION (MPM after Wong & Parker (2006)) 

BEDLOAD LAYER THICKNESS (scaled with grain size) 
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BAGNOLD’S  
TWO-LAYER 
 APPROACH 

Fredsøe (1974) 

CORRECTION FOR SEDIMENT WEIGHT 
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BAGNOLD’S  
TWO-LAYER 
 APPROACH 

Fredsøe (1974) 

CORRECTION FOR SEDIMENT WEIGHT 

Brownlie (1981) 

Wong & Parker (2006) 
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ReP is the parameter that controls the transition between 
ripples and dunes 

ReP decreasing ⇒ d* decreasing ⇒ finer sediment 

d constant,  d* decreasing ⇒ shallower flow 
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  Kennedy (1963,1969) - Irrotational 

  Engelund (1970), Fredsøe (1974) - Slip velocity 

D  A  R  

  Coleman & Fenton (2000) - Irrotational 

  Parker (1975) - Irrotational 

  Richards (1980) - Rotational 

D  A  R  

D  A  R  

D  A  R 

D  A  R 

  Colombini & Stocchino (2011) - Rotational 

  Colombini (2004) - Rotational D  A  R 
  Fourriére, Claudin & Andreotti (2010) - Rotational D  A  R 

D  A  R 

  Sumer & Backioglu (1984) - Rotational D  A  R 
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  Parker (1975) - Irrotational 

  Richards (1980) - Rotational 
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  Colombini & Stocchino (2011) - Rotational 

  Colombini (2004) - Rotational D  A  R 
  Fourriére, Claudin & Andreotti (2010) - Rotational D  A  R 

D  A  R 

  Sumer & Backioglu (1984) - Rotational D  A  R 

  Charru,  Andreotti & Claudin (2013) - Sand ripples 
and dunes.  Ann. Rev. Fluid Mech.  

  Andreotti & Claudin (2013) - Aeolian and subaqueous 
bedforms in shear flows. Phil. Trans. R. Soc.  A  

D  A  R 

D  A  R 





Nonmodal	
  analysis	
  and	
  river	
  morphodynamics	
  
Nonmodal	
  analysis	
  has	
  been	
  proposed	
  for	
  different	
  morhological	
  
systems:	
  
• 	
  Long	
  sediment	
  waves	
  and	
  bars	
  (Camporeale,	
  2011;	
  Vesipa	
  2012)	
  
• 	
  Dunes	
  and	
  anBdunes	
  (Camporeale,	
  2011)	
  
Nonmodal	
  analysis	
  can	
  possibly	
  explain	
  a	
  number	
  of	
  issues:	
  

• 	
  Wavelength	
  at	
  iniBal	
  Bmes	
  are	
  
shorter	
  than	
  wavelength	
  at	
  asymp-­‐	
  
toBc	
  Bmes	
  (linear	
  transient	
  excita-­‐	
  
Bon	
  of	
  stable	
  	
  modes)	
  

• Sediment	
  wave	
  amalgamaBon	
  	
  
is	
  induced	
  by	
  linear	
  mechanisms	
  	
  
(excitaBon	
  of	
  modes	
  with	
  different	
  	
  
phase	
  velocity)	
  

w
av
en

um
be

r	
  

Bme	
  

TheoreBcal	
  predicBon	
  
(Camporeale,	
  2011)	
  

Experimental
behavior	
  



Non	
  modal	
  analysis	
  and	
  bed	
  form	
  wavelengths	
  
Pe
rt
ur
ba
Bo

n	
  
gr
ow

th
	
  ra

te
	
  

k	
   k	
   k	
  

Time increases 

AsymptoBc	
  	
  
dominaBng	
  
wavenumbers	
  

At	
  the	
  very	
  beginning	
  
• 	
  short	
  waves	
  dominates	
  
• 	
  the	
  higher	
  k,	
  the	
  higher	
  
the	
  phase	
  velocity	
  

At	
  intermediate	
  ;mes	
  
• 	
  short	
  and	
  asymptoBc	
  
waves	
  compete	
  
• 	
  waves	
  with	
  different	
  
phase	
  velocity	
  can	
  be	
  
seen	
  
• 	
  amalgamaBon	
  among	
  
waves	
  

At	
  asympto;c	
  ;mes	
  
• 	
  long	
  waves	
  dominates	
  



Energy	
  exchanges	
  among	
  (stable)	
  modes	
  

E/E0	
  

Bme	
  

B	
  

A	
  

e1	
  

e2	
  

e1	
  
e2	
  

A-­‐	
  Eigenvectors	
  (e1,e2)	
  are	
  orthogonal	
   B-­‐	
  Eigenvectors	
  (e1,e2)	
  are	
  not	
  orthogonal	
  

t=0	
  

t=0	
  



Energy	
  exchanges	
  among	
  (stable)	
  modes	
  

E/E0	
  

Bme	
  

B	
  

A	
  

t=t1	
  

t=t1	
  

e1	
  

e2	
  

e1	
  
e2	
  

A-­‐	
  Each	
  energeBc	
  components	
  of	
  the	
  pert.	
  
reduces,	
  the	
  total	
  energy	
  reduces	
  

B-­‐	
  Each	
  energeBc	
  components	
  of	
  the	
  pert.	
  
reduces,	
  but	
  the	
  total	
  energy	
  increases	
  



Energy	
  exchanges	
  among	
  (stable)	
  modes	
  

Bme	
  

B	
  

A	
  

E/E0	
  

e1	
  

e2	
  

e1	
  
e2	
  

A-­‐	
  For	
  asympto;c	
  ;me	
  the	
  perturbaBon	
  	
  
energy	
  has	
  decayed	
  	
  

B-­‐	
  ARer	
  a	
  transient	
  growth,	
  unperturbed	
  	
  
condiBons	
  are	
  resytored	
  

t=t2	
  

t=t2≈∞	
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