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Force balance leads to 3 scaling regimes

Navier−Stokes (i−ν)

Bernoulli (i−σ)

Stokes (ν−σ)

ν∇ 2u = 
1∇ P

             ρ
P = Patm  + σ κ  + visc. terms

∂u + (u.∇) u 
= − 

1∇ P +ν∇ 2u
∂ t                       

ρ

∂φ + 1 (∇φ) 2  + σ κ 
 
= 0

∂ t     2               ρ

l ∼ |τ| 1/2

l ∼ |τ| 2/3

l ∼ |τ|

∂u + (u.∇) u 
 

∂ t                     

ν∇ 2u

P = Patm  + σ κ 
Capillary #

Reynolds #

Weber #

l ∼ |τ| α

=− 
1∇ P

      ρ



Similarity Equations

α=2/3   γ=1/3
Time drops out of problem

u  = r / (−t)2/3

f(u) = v =  z / (−t)2/3

g(u,v) = (−t)1/3 φ(r,z,t)
(1)  ∇ 2 g = 0

(2)  ∂ f = gv−2f/3

       ∂u      gu−2u/3

(3)  − g 
+

 2u
gu

 
+

 2f
gv

  +  
1
(∇ g)2 + κ

 
= 0

          3      3         3          2              
Asymptotics

large radius  −−>  cone
f ~ u angle free
g ~ u1/2

small radius −−> regular

v

u

∆2g=0

f(u) = v

(2),(3)
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B.W. Zeff, et al.   
Nature 403, 401, (2000)  



Intense Rotation and Dissipation in 
Turbulent Flows

Daniel P. Lathrop
Department of Physics

Inst. for Res. in Electronics and Applied Phys.
Inst. for Physical Sciences and Technology

University of Maryland 
College Park, MD

At UMCP: Benjamin Zeff, Daniel Lanterman, Ryan McAllister, Rajarshi Roy
At Arizona State University:   Eric Kostelich
Funding:  NSF−DMR 



x

y

z

Measuring Gradients

3 camera
views

xMvv o ⋅+=
















∂∂∂
∂∂∂
∂∂∂

=

zzzyzx

yzyyyx

xzxyxx

VVV

VVV

VVV

M

fit data to model



ε/<ε>
Ω/<Ω>

0 5 10 15
0

10

20

0 10 15
0

10

20

0 5 10 15
0

10

20

30

0 5 10 15
0

10

20

30

t  (s)

t  (s)

ε/<ε>
Ω/<Ω>

Zeff, Lanterman, McAllister, Roy, Kostelich, and Lathrop, Nature 421, 146 (2003)

ε = ν / 2 || Μij + Μji ||2

Ω =  2 || Μij − Μji ||2 = ω
2/2

Dissipation and Enstrophy Time Series -- Intense Events
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Euler Equation

l ∼ τα

v ∼ τγ

Ansatz

∂u + (u.∇)u 
 

∂ t    
                 

=− 
1∇P

      ρ
∇.u=0  

−γ G + α(r.∇’)G + (G.∇’)G +∇’Π  = 0

v(x,t) = τγ G( x / τα)

Similarity equations  (time independent)

γ = α − 1

∇’.G=0  

G = rγ/α f (θ,φ)

α = 3/2   corresp. K41

α <1    local
α = 2/5   Constantin, Green,  Pelz

∂iuj =  τ−1 ∂’iGj  at origin

t=0
t=−1

t=−2

α = 3/2   corresp. K41

α <1    local
α = 2/5   Constantin, Green,  Pelz

∂iuj =  τ−1 ∂’iGj  at origin

arXiv:cond-mat/0311487 
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∂tv + v •∇ v + 2Ω× v = − 1
ρ∇ P + ν∇ 2v

∇ •v = 0

∂tv + 2Ω× v = − 1
ρ∇ P

2Ω× v = − 1
ρ∇ P

(Ω•∇)v = 0 Taylor-Proudman theorem

Rapidly Rotating -- Coriolis Large



Grid generated turbulence

Grid pull
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Decay of kinetic energy -- oscillations!

Water

Grid generated turbulence

Grid pull
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∂tv + 2Ω × v = − 1
ρ∇ P

∂tω = 2(Ω · ∇ )v = 2Ωo∂zv

Plane wave solutions
v = voei (k ·r − ωt)

ω = ± 2Ωo
kz
k

0 < |ω| < 2Ωo

Modes of Containers



Frequency spectra of <v>

Water

Grid generated turbulence

Grid pull
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Simulations by Johannes Wicht
Dynamo action in Spherical Couette flow



internal shocks

M. Rieutord and L. Valdettaro. Inertial Waves in a Rotating Spherical Shell. Journal of Fluid Mechanics, 341:77-99, 1997.

ω τ

ω τ



∂tv + v •∇ v + 2Ω× v = − 1
ρ∇ P + 1

ρµο
(Β •∇)Β + ν∇ 2v

∇ •v = 0

∂tΒ + v •∇ Β = (Β •∇)v + η∇ 2Β

∇ •B = 0

Equations of motion: known

Key  Parameters

  Rm =
     UL    

=    > 1
                  

     magnetic field stre tching
resistive damping

  Pr m = =   ~ o(10-5 )
               

   momentum diffusivit y    
magnetic diffusivity

  R    =
     UL     

> o(105)    
                  
       large R  --> turbulence

ν

         
   
ν
η

η

  S =
     BoL    

=    > 1
 

     Alfven wave motion
resistive damping(ρµο)1/2η



60 cm experiment

B0

Ωi Ωo
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Modes in spherical Couette flow
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Modes in spherical Couette flow
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Induced magnetic field
Experiment Theory



Induced magnetic field
Experiment Theory



Conclusions

B.W. Zeff, J. Fineberg, and D.P. Lathrop, 
Nature 403, 401, (Jan. 27, 2000)

http://complex.umd.edu

Ben Zeff

B.W. Zeff, D.D. Lanterman, R. McAllister,
R. Roy, E.J. Kostelich and D.P. Lathrop
Nature 421, 146, (Jan. 9, 2003)

D.P. Lathrop
arXiv:cond-mat/0311487 

Bewley, Lathrop, and Sreenivasan
Nature 441, 588, (June 1, 2006)

Kelley, Triana, Zimmerman, and Lathrop

in preparation for GAFD


	bwz1.pdf
	Page 1

	bwz2.pdf
	Page 1

	bwz3.pdf
	Page 1

	bwz4.pdf
	Page 1

	bwz5.pdf
	Page 1

	torCompare.pdf
	Page 1

	vortexPict.pdf
	Page 1

	safebreak.pdf
	bwz1.pdf
	Page 1

	bwz2.pdf
	Page 1

	bwz3.pdf
	Page 1

	bwz4.pdf
	Page 1

	bwz5.pdf
	Page 1

	torCompare.pdf
	Page 1

	vortexPict.pdf
	Page 1

	part.pdf
	bwz1.pdf
	Page 1

	bwz2.pdf
	Page 1

	bwz3.pdf
	Page 1

	bwz4.pdf
	Page 1

	bwz5.pdf
	Page 1



	rigakarl.pdf
	bwz1.pdf
	Page 1

	bwz2.pdf
	Page 1

	bwz3.pdf
	Page 1

	bwz4.pdf
	Page 1

	bwz5.pdf
	Page 1

	torCompare.pdf
	Page 1

	vortexPict.pdf
	Page 1

	safebreak.pdf
	bwz1.pdf
	Page 1

	bwz2.pdf
	Page 1

	bwz3.pdf
	Page 1

	bwz4.pdf
	Page 1

	bwz5.pdf
	Page 1

	torCompare.pdf
	Page 1

	vortexPict.pdf
	Page 1

	part.pdf
	bwz1.pdf
	Page 1

	bwz2.pdf
	Page 1

	bwz3.pdf
	Page 1

	bwz4.pdf
	Page 1

	bwz5.pdf
	Page 1




	turbshort.pdf
	nw4.pdf
	bwz1.pdf
	Page 1

	bwz2.pdf
	Page 1

	bwz3.pdf
	Page 1

	bwz4.pdf
	Page 1

	bwz5.pdf
	Page 1

	overhead3.pdf
	Page 1

	overhead6.pdf
	Page 1

	overhead6.pdf
	Page 1

	overhead5.pdf
	Page 1

	overhead7.pdf
	Page 1

	overhead8.pdf
	Page 1

	overhead9.pdf
	Page 1

	overhead9.pdf
	Page 1

	overhead10.pdf
	Page 1

	overhead11.pdf
	Page 1

	overhead12.pdf
	Page 1

	overhead13.pdf
	Page 1

	overhead14.pdf
	Page 1

	overhead15.pdf
	Page 1

	overhead16.pdf
	Page 1

	overhead16.pdf
	Page 1

	overhead17.pdf
	Page 1

	overhead18.pdf
	Page 1

	overhead20.pdf
	Page 1

	overhead21.pdf
	Page 1

	overhead22.pdf
	Page 1

	overhead23.pdf
	Page 1

	overhead24.pdf
	Page 1

	overhead24.pdf
	Page 1

	overhead25.pdf
	Page 1

	overhead26.pdf
	Page 1

	overhead27.pdf
	Page 1

	overhead1b.pdf
	Page 1

	overhead2.pdf
	Page 1



	gradsem.pdf
	bwz1.pdf
	Page 1

	bwz2.pdf
	Page 1

	bwz3.pdf
	Page 1

	bwz4.pdf
	Page 1

	bwz5.pdf
	Page 1

	torCompare.pdf
	Page 1

	vortexPict.pdf
	Page 1

	safebreak.pdf
	bwz1.pdf
	Page 1

	bwz2.pdf
	Page 1

	bwz3.pdf
	Page 1

	bwz4.pdf
	Page 1

	bwz5.pdf
	Page 1

	torCompare.pdf
	Page 1

	vortexPict.pdf
	Page 1

	part.pdf
	bwz1.pdf
	Page 1

	bwz2.pdf
	Page 1

	bwz3.pdf
	Page 1

	bwz4.pdf
	Page 1

	bwz5.pdf
	Page 1



	rigakarl.pdf
	bwz1.pdf
	Page 1

	bwz2.pdf
	Page 1

	bwz3.pdf
	Page 1

	bwz4.pdf
	Page 1

	bwz5.pdf
	Page 1

	torCompare.pdf
	Page 1

	vortexPict.pdf
	Page 1

	safebreak.pdf
	bwz1.pdf
	Page 1

	bwz2.pdf
	Page 1

	bwz3.pdf
	Page 1

	bwz4.pdf
	Page 1

	bwz5.pdf
	Page 1

	torCompare.pdf
	Page 1

	vortexPict.pdf
	Page 1

	part.pdf
	bwz1.pdf
	Page 1

	bwz2.pdf
	Page 1

	bwz3.pdf
	Page 1

	bwz4.pdf
	Page 1

	bwz5.pdf
	Page 1




	fig1.pdf
	Page 1

	title.pdf
	Page 1

	rms3BCs.pdf
	Page 1

	pepifig3.pdf
	Page 1

	torqueprops.pdf
	Page 1

	pepifig1.pdf
	Page 1

	hollerbach.pdf
	Page 1

	fig1.pdf
	Page 1

	waterfall3BCs.pdf
	Page 1

	torq3BCs.pdf
	Page 1

	paratable.pdf
	Page 1

	superarray.pdf
	Page 1

	superarray.pdf
	Page 1

	coeffstd40.pdf
	Page 1

	paratable.pdf
	Page 1

	coeffstd20.pdf
	Page 1

	coeffimgs.pdf
	Page 1

	science.pdf
	Page 1


	partsisan.pdf
	bwz1.pdf
	Page 1

	bwz2.pdf
	Page 1

	bwz3.pdf
	Page 1

	bwz4.pdf
	Page 1

	bwz5.pdf
	Page 1

	torCompare.pdf
	Page 1

	vortexPict.pdf
	Page 1

	safebreak.pdf
	bwz1.pdf
	Page 1

	bwz2.pdf
	Page 1

	bwz3.pdf
	Page 1

	bwz4.pdf
	Page 1

	bwz5.pdf
	Page 1

	torCompare.pdf
	Page 1

	vortexPict.pdf
	Page 1

	part.pdf
	bwz1.pdf
	Page 1

	bwz2.pdf
	Page 1

	bwz3.pdf
	Page 1

	bwz4.pdf
	Page 1

	bwz5.pdf
	Page 1



	rigakarl.pdf
	bwz1.pdf
	Page 1

	bwz2.pdf
	Page 1

	bwz3.pdf
	Page 1

	bwz4.pdf
	Page 1

	bwz5.pdf
	Page 1

	torCompare.pdf
	Page 1

	vortexPict.pdf
	Page 1

	safebreak.pdf
	bwz1.pdf
	Page 1

	bwz2.pdf
	Page 1

	bwz3.pdf
	Page 1

	bwz4.pdf
	Page 1

	bwz5.pdf
	Page 1

	torCompare.pdf
	Page 1

	vortexPict.pdf
	Page 1

	part.pdf
	bwz1.pdf
	Page 1

	bwz2.pdf
	Page 1

	bwz3.pdf
	Page 1

	bwz4.pdf
	Page 1

	bwz5.pdf
	Page 1




	fig1.pdf
	Page 1

	title.pdf
	Page 1

	rms3BCs.pdf
	Page 1

	pepifig3.pdf
	Page 1

	torqueprops.pdf
	Page 1

	pepifig1.pdf
	Page 1

	hollerbach.pdf
	Page 1

	fig1.pdf
	Page 1

	waterfall3BCs.pdf
	Page 1

	torq3BCs.pdf
	Page 1

	paratable.pdf
	Page 1

	superarray.pdf
	Page 1

	superarray.pdf
	Page 1

	coeffstd40.pdf
	Page 1

	paratable.pdf
	Page 1

	coeffstd20.pdf
	Page 1

	coeffimgs.pdf
	Page 1

	science.pdf
	Page 1


	other.pdf
	bwz1.pdf
	Page 1

	bwz2.pdf
	Page 1

	bwz3.pdf
	Page 1

	bwz4.pdf
	Page 1

	bwz5.pdf
	Page 1

	torCompare.pdf
	Page 1

	vortexPict.pdf
	Page 1

	safebreak.pdf
	bwz1.pdf
	Page 1

	bwz2.pdf
	Page 1

	bwz3.pdf
	Page 1

	bwz4.pdf
	Page 1

	bwz5.pdf
	Page 1

	torCompare.pdf
	Page 1

	vortexPict.pdf
	Page 1

	part.pdf
	bwz1.pdf
	Page 1

	bwz2.pdf
	Page 1

	bwz3.pdf
	Page 1

	bwz4.pdf
	Page 1

	bwz5.pdf
	Page 1



	rigakarl.pdf
	bwz1.pdf
	Page 1

	bwz2.pdf
	Page 1

	bwz3.pdf
	Page 1

	bwz4.pdf
	Page 1

	bwz5.pdf
	Page 1

	torCompare.pdf
	Page 1

	vortexPict.pdf
	Page 1

	safebreak.pdf
	bwz1.pdf
	Page 1

	bwz2.pdf
	Page 1

	bwz3.pdf
	Page 1

	bwz4.pdf
	Page 1

	bwz5.pdf
	Page 1

	torCompare.pdf
	Page 1

	vortexPict.pdf
	Page 1

	part.pdf
	bwz1.pdf
	Page 1

	bwz2.pdf
	Page 1

	bwz3.pdf
	Page 1

	bwz4.pdf
	Page 1

	bwz5.pdf
	Page 1








