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Particles in Turbulent Fluids ETH

e Saltation
e Aerosols

e Fluidized beds
e Preferential concentration

(e.g. distribution of plankton in oceans)

* Pneumatic transport
» Turbulent mixing
* Rheology of suspensions
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Sandstorm ETH




Equation of motion of fluid ETH

Wl

V(X)andp(X) are velocity and pressure field of the fluid,
p and u its density and kinematic viscosity.

Incompressible Navier-Stokes equation:

N = 1=
ot

V(W) =——Vp+ 1AV
Jo,

op _—
aJ[+V(,ov) 0A p=const = VV :O
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Reynolds number Re  ETH

VN | Vischaracteristc velocity
Re =—| hischaracteristic length
U u is kinematic viscosity

In turbulent regime: Re >> 1
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One particle in fluid ETH

e.g. pull sphere through fluid

no-slip condition: g —

particle

moving
boundary
condition

create shear in fluid : exchange momentum
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Drag force ETH

L i T

drag force

(Bernoulli‘s principle)

stress tensor . = —Po; +17 =

n = pu IS dynamic viscosity

GeoFlows, Kavli Inst. for Theoretical Physics, Santa Barbara, Oct.10, 2013




Homogeneous flow ETH

b —> Re<<1 Stokes law:
v @ s Fr=06mry RV
— —> (exact for Re = 0)

R Is particle radius, Vv is relative velocity

Re >>1 Newton‘s law: F, = 0.221 p R?v?

general drag law:

F 7”7CRe

C;, Is the drag coefficient S P
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Drag coefficient C,
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Inhomogeneous flow ETH

In velocity or pressure gradients: LIft forces

are perpendicular to the direction of the external flow,
Important for wings of airplanes.

'L,FE
lift force: L =Cf X p X - X A

C, is ,lift coefficient*

when particle rotates: Magnus effect
Important for soccer
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Many particles in fluids ETH

T

*The fluid velocity field follows
the incompressible Navier
Stokes equations.

 Many industrial processes
involve the transport of solid
particles suspended in a fluid.
The particles can be sand,
colloids, polymers, etc.

The particles are dragged by
the fluid with a force:
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simulating particles
moving in a sheared fluid
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Aeolian Sand transport Emw
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Transport by Saltation gy

on coastal dunes
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Saltation in the desert
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The Mechanism of Saltation ETH

 Grains are drawn from the ground and accelerated by the wind. With more
energy they impact again against the surface and eject a splash of new
particles. In this way more and more grains saltate until saturation is reached
due to momentum conservation.
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Dependence on grain size ETH

EROSION
by soltation

DEPOSITION

Grain diameter {mm]-Squore-root scale

typical grain diameters
for saltation on Earth:
100 — 300 pm

wind tunnel
measurements

Bagnold and Chepil
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Schematic saltating trajectory ETH

mobile wall at top -

u,(y)

7/

/
0 = ejection angle u, = particle velocity
u,(y) = wind velocity profile
Physical Review Letters, 96, 21 (2006)
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The turbulent air flow ETH

logarithmic velocity profile of the horizontal
component of the velocity as function of height y:

ux(y)=Cl?|n

V4

Zy

k=~ 0.4is the von Karman constant

Z, IS the roughness length

viscosity of air: n=1.7895.10> kg mt s-1

density of air: p =1.225 kg m=3

a commercial finite
volume solver

Solve it with k-¢ model using Fluent. on an adaptive

triangulated mesh
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Types of transient behaviour ETH

du 1
. o j
force on particle: | —2=F,(i-0,)+—d(p, - o)
dt P
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Steady state ETH

N wind
6_ >
2 41 =
~— !
<, "
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0 400 x (m) 800

= saturated flux g,
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Bagnold (1941):

q, oc U

Lettau and Lettau:
(1978)

Saturated flux

4, =C,2u’ (u—u))
g

fit of solid line:

q,(kgm's")

1.0

0.1

0.001

- —— Eq.(7)
- — — — Lettau-Lettau
| —-— Bagnold

O simulation

0001 et oo ]
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u, (mss)

Physical Review Letters, 96, 21 (2006)
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Wind velocity profile ETH
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Wind velocity profile ETH
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Height of saltation layer ETH

Ymax Nelght of
maximum loss
of velocity

liInear
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with Ux

becomes zero at;

u, = 0.33+0.01

Y max (M)

0.15
0.10
0.35
0.05 f
4
/
4
4
0.00 ' — '
0.3 0.4 0.5 0.6 0.7

u, (m/s)

0.8

GeoFlows, Kavli Inst. for Theoretical Physics, Santa Barbara, Oct.10, 2013




Planet Mars ETH

R

Eric Parteli

M. Almeida, E. Parteli,
J.S. Andrade, HJH
PNAS 105, 6222 (2008)
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Parameters on Mars ETH

I Earth ‘ o Mars

g =9.81m/s’ g=3.71m/s’

p.. =1.225kg/m® p.. =0.02kg/m?®
Pyin = 2650 kg/m® Pyrain = 3200 kg/m?

d =250 zm d =600 zm

Us, = 0.2 M/s Ux = 2.0 M/s

[Greeley and Iversen (1985)]

n~ 1.8 x 1076 kg/s-m n~1.1x10"°kg/s-m

(Viscosity of CO, at —100°C)
- U. on Earth is 0.4 m/s and on Mars, Pathfinder Mission 1997 found u.

close to threshold. Further, it has been found that the angle of the slip face
of martian dunes is the same as of terrestrial dunes.

IRERY IS S S DY TR L T i
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Saltation on Mars ETH

Wl X

White (1979)
Greenley et al. (1996)

2
R
g U.. U..

C =18 for Earth
C = 2.9 for Mars

C=19d/l, 0 12 14 16 18 20 22
| = (;42/9)1/3 u, (m/s)
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Saltation on Mars ETH

T -

100§ —
B Earth
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Saltation on Mars ETH

Length L, and height H_, of saltation trajectory

I—salt oc 1 (u* _ut)
oct, (U —u,)

H
2)%
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U m/sB

GeoFlows, Kavli Inst. for Theoretical Physics, Santa Barbara, Oct.10. 2013




Saltation on Mars ETH

i
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Saltation on Mars ETH

Impact angle and height to length ratio
of saltation trajectory as function of u.
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Dune velocities ETH
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Discrete Element Model for Saltation ETH

e We con5|der a bed of
spheres of similar size
under gravity in a channel ,
with periodic boundary
conditions in horizontal
direction and reflective

conditions at top and E ‘

bottom walls. P Marcus Thomas
» Dissipation occurs at Vinicius P2

particle-particle and Carneiro

particle-wall collisions.
« Att=0, some particles are

dropped from random N
positions triggering the .
saltation process. _
M.V. Carneiro, T. Pahtz, H.J.H., Phys. Rev. Lett. 107, A
098001 (2011) arXiv:1104.2767 T
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Sketch of the system Emw

Z+2,—h,

U..
UX(Z) — ; In

L,

=D, /30

 Logarithmic wind
profile above the
sand bed starts at
height h, , which
must be determined.
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DEM model of bed in moving fluid ETH

I O

m%, =F,+F

coll

+M.g

The fluid exerts on the particles the drag force:

T d§ o
Fo = 3 p Cp (U_Vp)(u _Vp)
- 23 Y2 _ulD
Cp = (Ej 11| , Re=Z" v-u|D,
I Re ) n

N. S. Cheng, J. Hydraul. Eng., 123(2), 149 (1997)
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Dissipative collisions between particles ETH

T o

|:coll m: (kné‘ij _I_i) nij

k., elastic spring constant, ¢, damping coefficient

n

ij —

5, =(R+R;)=|x =X,

for sand

gr= 0.7

The restitution coefficient e,
Is related to c, through:

e =exp
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Results without feedback ErmH

e

Saturated Flux
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DEM model of bed in moving fluid ETH

A feedback procedure corrects the wind
profile iteratively before the drag forces

are applied on the particles.
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Including Feedback ETH

The reaction-drag forces exerted by the particles on the
wind slow down the wind.

We calculate the grain-stress generated by the accelerated
particles through (A = area of sand bed, f = force density)

rg(z)sz(z')dz';_Z%

The grain-stress modifies the shear velocity in the saltation

layer by
T, (2
u_(z)=u.,|l- 1 2)
V pau*
With this we determine the wind profile using du  u_(z)

dz KZ
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Feedback Algorithm  ETH

Wlnd Profile V, '(2) <l
!
Calculate drag forces [V (2)]
v
Calculate grain stress _,Z ~ 1. 3d
v
Integrate  dv _u.(2) )y \/1_ fg(Z2
dz /c% PUx
]=]+1 v (z)

W (2)=v"(2) IL .(2) =V (2)

Apply drag forces on particles

. 3
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Results for u. =0.52 m/s in 2d ETH
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Results for u. = 0.82m/s in 2d ETH
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Saturated flux as function of ux for ETH
differqnt restitution coefficients

2e-05 [ T [ T I T T
*  rest=90%
* rest=80% F:
* rest=T70% * *
N
1.5¢-05 — e —
s
Sy
o .:
R4
0: & R
R 00 00 @
é le-05 s o —
: &0
:’ f’/
- 00’ &? &
B oo
» F
& o
S5e-06 — :° & o ]
RS |
o & n
L ,0003 -
“/;”0&(/
0 | il ! | |

GeoFlows, Kavii Inst. fo} Theoretical Physics, Santa Barbara, Oct.10. 2013




Comparison with different theories ETH

0.16

q=cu. -u) u =0.22m/s
0.14 q=cu, - uT)2 u, = 0.25m/s

q=cr(u, -u)y u, =0.28m/s
0.12 )

g=c*u, - ut) +q, u =0.51 m/s

g=c*{u,-u )1 63 u, = 0.33m/s

01t * ! !
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o
S
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Normallzed guantities ETH

transient time t,

t, =0.524s[ 6/(6, - 9)] -

N

Tl i | ﬁ(‘lﬁﬁﬁ

o
S S S
™| o simulations ©

- experiments
ﬁ B A 1/2
CS q_qo'l' (e_ec) ' Al
o
I o
o

oW 7
o .{

[ 1 o
& S
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o

A L |
0 025 05003
Iversen and Rasmussen, 1999
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Perturbations ETH

» |ift forces:
Apply to the particles close to the surface
a force D3
F = 8av p4C,VVv,,| C,=0.425C,

 random forces:

Move every second randomly 20%
of the particles at the surface
up by one average diameter D, .
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Time series of the flux near threshold
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Height dependence of momentum exchange ETH
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Bagnold Focus ETH
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¢ =0.15in 3d ETH

- @ e
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Impact on the ground e
" U« = 0.8 '

U.=1.2
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Jump In the saturated flux in 3d ETH

i
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Time series close to jump in 3d ETH
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Comparison with experiments and fit ETH

T (=

, I : I
Iversen and Rasmussen (1999)

O e=0.7

"|— Owen (1964)
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The role of mid-air collisions

Marcus ThomaS
Vinicius Pahtz D
: Araujo
Carneiro

Common belief has generally been that collisions
between grains in the air are not relevant.
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Effect of collisions in 3d ETH

Changing restitution coefficient for mid-air collisions,

while for collisions with the ground we keep e, = 0.7.

3 I T
s Iversen and Rasmussen (1999)
— e=0.7
|- e=1.0

-- No Collisions
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Flux as function of restitution coefficient ETH

L i T
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Flux as function of restitution coefficient ETH

I 7
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Saturated flux in 2d ETH

Changing restltutlon coefﬁuent for mid-air collisions,
while for collisions with the ground we keep e, = 0.7.
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Comparing 2d and 3d ETH

restitution coefficient
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Role of collisions: saltons ETH

06=0.13
e=0.7

_ DGAARRRSEe
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Role of collisions: saltons ETH

Saltons jumping on the soft bed 0=0.90

e=0.7
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Role of collisions: saltons

400

y [D_mean]

— e =1.0
-- No collision

max

0.7

ETH
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Contribution to the flux ETH
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Splash after impact of salton ETH
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Temperature and flux profiles ETH

y[Dmean]

—e =0.7 |

-
F[f-e=10

- no collision Ue = 2.0 m/s
o
(-
(o]
O.
o
Al
D.
o

2 2 2 08 definition of temperature:

T(y) [kgD mean/S ] flux[10D mean/S] N(y) : .

2

T(y)= m(v.—v_(Yy
Pasini and Jenkins, 2005 (y) 3N(y)Z ( ( ))
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Particle alignment due to dissipation ETH
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Height profiles of concentration,

horizontal grain velocity and flux in 3d ETH
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Height profile of concentration,

horizontal grain velocity and flux in 2d ErH
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Comparing 2d and 3d ETH
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more details in 2d
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Wind Channel in Aarhus ETH

Keld Rasmussen
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Wind Channel in Aarhus ETH
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Measuring the wind velocity in channel ETH
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Intermittent Flow

measurement
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Burst statistics in wind channel gErmM
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Flux in wind channel changlng Ux ETH
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Intrinsic velocity fluctuations ETH

~ AM. Reynolds (2003)

Logarithm of local dissipation rate | ¥ =In(&/({¢))

Stochastic differential equations for y and
each component of the acceleration a; .
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3d simulation
of a burst
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Comparing experiment and simulation ETH
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DEM maodel of bed in moving fluid ETH

Reproduce splash

Agreement with experiment and theory
Jump In saturated flux at onset of saltation
Mid-air collisions enhance flux.

We can distinguish saltons, soft-bed and
reptons.

Temporal fluctuations of turbulent produce
Intermittency.
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Including electrical charges Erm

L _* i i

N. Duff and D.J. Lacks, J. of Electrostatics 66, 51 (2008)
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Electrons trapped locally in high energy states.
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Particle transport by water

under water dunes in front of San Francisco bay
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Drag in Water Channel ETH
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Drag in Water Channel
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Particle transport by water ETH

Transport mechanisms on ground:

1. Creep - rolling and sliding of grains on the soll
2. Saltation — hops of grains near the soil

3. Sheet Flow — completely mobile sand bed,
grains moving in granular sheets
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Future Perspectives ETH

« Make full 3d turbulent simulation.

* Consider saltation in water.

» Consider electric charges.

* Consider different shapes of grains.

* Consider realistic boundary layers.

* Consider rotations of grains (Magnus forces).

e Consider obstacles in the flow.

* Consider non-Newtonian rheologies.
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Thank you !
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