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Fluctuations in suspensions of fibers

Nylon fibers in silicon oil
Aspectratio: A =15

= Fibers aggregate into dense clusters or Volume fraction : ¢ = 0.5%

streamers, separated by clarified regions. b XA % G IR R

Experiments by Guazzelli and coworkers:

W il "“t

= Strong impact on sedimentation statistics:
enhanced sedimentation rate and velocity
fluctuations in dilute regime.

= Outer tank
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<uu)p // iq Herzhaft, Guazzelli, Mackaplow & Shaqfeh, PRL (1996)
Herzhaft & Guazzelli, JFM (1999)
Metzger, Guazzelli & Butler, PRL (2005)

translation stage Metzger, Butler & Guazzelli, JFM (2006)
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U

= Sedimentation velocity:

U =M

Instability mechanism

- F

% mobility tensor

= For an axisymmetric particle:

M = 5Byl + G1pp

= lateral motion typically occurs
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Koch & Shagfeh, J. Fluid Mech. 1989
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Wavenumber selection in experiments

Experiments show a transition
from one large streamer toward
mutliple streamers in the lateral

direction, not captured by
previous theoretical and
numerical studies.

What is the mechanism for this
wavenumber selection?

Metzger, Guazzelli & Butler, PRL (2005)
Metzger, Butler & Guazzelli, JFM 575 307 (2007)
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Point particle simulations: method

» Dynamic equations for the particle motions

r x; = (ol + Bip;p;) - F + u(x;)
. A% —1
p; = (I _pipi) ) (

A% +1
= Disturbance velocity
—uVu+Vp=Ff, V-.-u=0

-

N
f(x) = Z FM(x —xz;))M(y —y;)M(z — 2;)  (B-spline interpolation)
i=1

= Solution of the Stokes equation
(

Sum of Fourier modes _ N
u(x) = E Qi
satisfying no normal (z) ijk

velocity BC on walls
(slip is allowed) <

i,5,k

(Bergougnoux et al.,
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Saintillan, Shaqfeh & Darve, J. Fluid Mech. 553, 347 (2006)

Phys. Fluids 2003)
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Point particle simulations in bounded containers
Saintillan, Shaqgfeh & Darve, J. Fluid Mech. 553 347 (2006)
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Disturbance velocity autocorrelation function

Autocorrelation function in the
horizontal direction of the vertical

15 ¢=02%
32 x 12 x 180 59,904 particles

A=

box :

16

> o2
> =
~ o o
o T 0 > =] o -3
® nnou > = 4
m e e > =] O
(3] S > ~
o pr—
Y— > M o~
> -
ot S > o <
O . , L ©
(@] N -
K] S
~
V N 2
Q /x L o T~
= = 8
E R
5 S
(@] - ©
o+ /
C
(&}
c [l - o<
(@]
Q. -~
m N—"
O Z r N
v N
c T T T T T T 0
© © © ¥ N o o ¥ 9 ©
~~
N—"
N
&)
q m P i e ihaiebat e o o o L
P e e e e o PN R I SRS
e P T T s B 16
IR NV Ve =~ [ e R R
NAVV AL Ve Qe 0 N e e e = P ST,
/////(////z’.\\\\(llfxlll.lzlclffff/l// 1 J e I NS AP S e 2o~ S|
NN AN ——mmn e e PU\?YY‘YY!\V!-\V‘\V-&
SONRAAANRRRNNN L o= o
SO Y = - -
R RN o ey S
AR R P R - N |
N NN NN = ;, e el
N RN N LTI R A N Y
S st ~ SRR AR R
N st 7 S N A NN
AR T ety R NN
AR u e nGy e B RO e mrm s @ G £ B FE T Iy
AN AR NN YR RNNNSIS ) ) NNt P P r ey
AR N SRR PARARS AT
ARSI T TSNS SSs—— T s m e Py i
R N e llvvv-..l..::lll..\\\\\\‘ Sesdssannth
IR T R O R s S SN S e B e
I N I A T U TR N N ////»//Irlln‘vlvl'l‘lvg\i\\\\\\\\\~\\\
NPT IRE PR -l P ’///rlrlr.clnv\‘\!g\i\n\\\x\‘ ,,,,,,
NN N R S B e Ay e N, P R B o e O AL I NENL LN
N R R R 0 S N N N R TR L S
P D P D R R PN N NN N NN T S S,
A A A ————— e - . e R R R < T P
" - -
1o

30
251
20

351
30
251
20

z /2l

L
o
<

()
(=)

I
s

30

25

20

15

10

x /2l

copyright D. Saintillan, 2007



Stratification

Experiment
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Effect of stratification: Linear stability analysis
Consider fluctuations with respect to a c(a:, p,0) = n
linearly stratified background 4

concentration: { (B>0,8"1>1L)

(1 — Bz) + ec(k, p, t)ei(k"“’_“’t)

1.0 T T T
- 6*: 0
— = =0.03
o8+ NC =0.1
e ——- =02
/ =0.3 Analysis of the dispersion relation
06 | / yields the following scaling for the
/' most unstable wavenumber:
* _
Wy /
041 Kl ~ ¢!/2(BL)*/°
/ T
/
. /
0.2 / - :
/ Saintillan, Shaqgfeh & Darve, Phys. Fluids 18
] // /_./ 121503 (2006)
L]
0.0 — '
0.0 0.2 0.4 0.6 0.8 1.0

copyright D. Saintillan, 2007



Stratification and wavenumber selection

Saintillan, Shaqgfeh & Darve, Phys. Fluids 18 121503 (2006)
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Scaling for the correlation length:
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Sedimentation of deformable particles

Flow-induced deformations in non-neutrally buoyant suspensions of
drops or bubbles may lead to a similar concentration instability.

Bubble deforms and
moves to region of high ¢

(Manga & Stone, JFM, 1995)

Relative velocity (Zinchenko & Davis, Phil. Trans. R.
Soc. Lond. A, 2003)

1.0 +—m
ope . T~ 0 =mn/6
Stability analysis based on: >~ . “,z
N a
~
= Dilute suspension: near-field interactions can be neglected. 08 1 N, 7T e=m2
* Instantaneous shape relaxation: particle shape is entirely AN
determined by the local rate of strain. W 06 ™
I \
= Weak flow or small deformations: surface tension o N
dominates flow-induced deformations. N\
\\
2 0.2 \
TsMoF* : \
wp = 4 gin? 6 — k2 (D” cos? 0 + D sin® 6’) \
2p 0.0 . . . kS :
0.0 0.2 0.4 0.6 0.8 1.0
k*

Saintillan, Shaqfeh & Darve, J. Fluid Mech. 553, 347 (2006)
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Nonlinear electrokinetics in rod suspensions

= Metallic rodlike particles are used in microfluidic devices as “barcodes” for the

detection of specific biomolecules’.

(Images courtesy of K.
Rose and J Santiago)

A nano-barcode
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' Nicewarner-Pena et al., Science 2001.
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Particle pairings

Sedimentation in an electric field shows particle pairings

(Movie cou;tesy of K. A. Rose and J. G. Santiago, Stanford)
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Induced-charge electrophoresis: overview

Bazant & Squires, Phys. Rev. Lett. 2004
Squires & Bazant, J. Fluid Mech. 2004, 2006
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(electric field lines)

A polarizable particle in
an electric field attracts
counterions, that
accumulate near its
surface, forming a non-
uniform electric double
layer (EDL).
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(electrlc field lines)

At steady state, the
particle and its EDL
behave like an insulator.
Electric potential satisfies:

Vib =0
n-Vo& =0 as r € 05
Vb - —-FE,, asr— oo

—

(fluid flow streamlines)

Potential drop across the EDL
modifies the C-potential:

C — CO - (I)s
A fluid flow (solution of the
Stokes equations) is driven by
the slip on the surface:
€6
Ug = ——
!



Slender-body formulation for rod-like particle

= Electric problem solved exactly for a single spheroid: {

b, =—ax- G- FE
E,=(1-nn)G- E

= Infer slip velocity to be used in slender-body theory for rod/fluid motions:

€

) N _ 1
’U,S(S) ~ ——S (p * Eoo) E where Eoo — [anp + §GJ_(I - pp)] ’ Eoo

L

The component normal to the rod causes
alignment of the rod with the field, at
the angular velocity:

0= (o) (5-2)
L

Saintillan, Shaqgfeh & Darve, J. Fluid Mech. 563, 223 (2006)
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The component tangential to the rod, to
leading order, drives a stresslet flow in
the surrounding fluid, of magnitude:

2mel? ~ 2 |
S ) (e !
> = Tlog 24 (p (pp 3)

7
/s



Pair interactions: semi-analytical model

= Consider two particles aligned in the z-direction. Assume a linear distribution of point-
forces along their axes (stresslet interactions). 16
= Solve for the relative velocity analytically. '

Pair distribution

1:4 1 function

1.2 1
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Pairing
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= Hydrodynamic interactions result in particle pairings r/L
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Multiparticle simulations: Brownian systems

= Simulation method includes: far-field hydrodynamic
interactions, lubrication and contact forces, ICEP
slip, and Brownian motion in periodic BCs.

eEs,  8meEZl’
uD,  3kTlog2A

Pe =10

Eo

Peclet number Pe =

Pe ~ 12

Comparison to
experiments

(Rose and Santiago 2006)

Pe = 400

60 rods, nl®> =0.1, A =10
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Conclusions

= Sedimentation of orientable particles

- The sedimentation is characterized by a concentration instability

- Our simulations, for the first time, captured the wavenumber
selection observed in experiments.

- A stability analysis suggests that stratification may be responsible
for the wavenumber selection, and shows agreement with our
simulation results.

= Induced-charge electrophoresis of polarizable rods

- A model was developed for ICEP of slender rods, and used to develop
an efficient simulation method for such suspensions.

- Using our model, we were able to explain particle pairings obversed
in experiments.
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