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Huppert Nature |982

® Clear Fluid on an Incline

® A is cross sectional area
h,+(gsina/v)h*h, =0

h =(v/g sin a)Vigl/2-172
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2" Model derivation =8

® Flux equations
® divIl+p(p)e =0, divj =0
® IT=-pl + u(p)(gradj + (grad j)?) stress tensor

® j =volume averaged flux,
® p=effective density

® u = effective viscosity

® p = pressure

® ¢ = particle concentration
E
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‘J"Iodel derivation I

® Flux equations
® divII+p(p)e =0, divj =0
® IT=-pl + u(p)(gradj + (grad j)?) stress tensor

® j =volume averaged flux,
® p=effective density

® u = effective viscosity

® p =pressure

® ¢ = particle concentration
®

e v, j=f,+j




I Model Derivation Il

® Particle velocity v _ .
relative to fluid ! Ve = 3 (pp Py )a 7(¢) w(h)g
9 My
wih) = ah”
®  w(h) wall effect \/1 +(Ah*? )2

® Richardson-Zaki 7( ¢) = (1 = ¢)m

correction m=5.1

®  Flow becomes solid- M( ¢) = (1 — ¢ / ¢max )—2

like at a critical
particle concentration




‘Lubrication aEproximationm

dimensionless variables as in clear fluid™

d(p(p)h) ~ _MR(P) s P9,
o +{ﬂ:%) <L )[;:M) Ww u(9) }
a(¢h)+{ s .,—D(,B)[ Mr-—Mﬁ”
u( 8 .

ot
op(p) . 2
-V (h =
'{uup) Al )}‘,

pp—pf' d
p H

V, = f(#)=(1-9)f(¢) | Dropping higher

order terms

*D(P) = (3Ca) l 13cot(p), Ca=ully,




" Reduced model
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Remove higher

order terms d(ph)
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System of conservation
laws for u=p(¢)h and v=¢h

h3} =0

*3 V¢hf (@)w(h)
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du
E+[F(u v)] =0

av

e [G(u v)] =0
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® Riemann
problem can
have double
shock solution

Four equations
in four
unknowns

(S,,85U;,V;)

Singular behavior at contact line
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Motivation: older experiments (Hosoi MIT, 05)

New theory proposed by Cook PRE 2008
balances shear induced migration with hindered
settling. Agrees well with old and limited data-
promising, but it is universally observed?

-Our experiments: carried out at Applied Math

Lab, UCLA, summer/fall 2009

-Confirm Cook’s theory excellent agreement

-Paper published in Physica D 2011. .
settling

Shear flow in film
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® Riemann
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have double
shock solution

Four equations
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to model changes in settling behavior? g

Motivation: older experiments (Hosoi1 MIT, 05)

New theory proposed by Cook PRE 2008
balances shear induced migration with hindered
settling. Agrees well with old and limited data-
promising, but it is universally observed?

-Our experiments: carried out at Applied Math Shear flow in film
Lab, UCLA, summer/fall 2009 >
-Confirm Cook's theory excellent agreement @) O T migrati on
-Paper published in Physica D 2011. . l @ @) @
settling ®) o

substrate




Experiments (cont.)

large B, large ¢
L




1 Particle Volume Fraction Model

- Main question: Will particle settle out of the flow or remain in the suspension?

- Simple model: equilibrium balance of particle settling against shear induced migration normal
to substrate (Ben Cook PRE 2008, tested against old data from MIT). New experiments varying
bead size and viscosity of oil.

-Particle volume fraction model:

Do
e
Ka? (695 +6176) + Kiid? (2) 96 = ™00 =2 opu(n) | 52F |
. 17 \u(9)) do 87 cos 3
Av; - — )M k)
3= Yo+ (Vo) = 5+ ZZ’ flg) = 1 —9) w() = —a)

u(9) \/1+ [A(g)z]z
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- Particle Volume Fraction Model (cont.)

ES

- Concentrate on z-direction (cross-section of the film) & after some manipulation (Cook)
- Result: system of two BVPs (for concentration and shear rate)

o) / Pp—Pl] ¢(1_¢)
ot Pl | oo = Roo 1+ 6m0 222 - £, 2T uit

0,/=_1_¢m¢pp_pl
Pl

7(0) = 1 + dméo ””p‘l L o(h)= 0

d
() = o = u(@)y = p(9) 7

(1-%)

- May be solved for particle volume fraction, shear stress o given inclination angle, height of
liquid column, and hight-averaged particle volume fraction in the column (R-K & shooting)
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- Concentrate on z-direction (cross-section of the film) & after some manipulation (Cook)
- Result: system of two BVPs (for concentration and shear rate)

@ / Pp—Pl] ¢ (1—9)
[ ¥ 1—¢] 4 d’[”’ " ) W

o = —1 — ¢m¢u
Pl

7(0) = 1 + Gmoo ”pp‘l = alh)= 0

Ho

d
(o) = o = u(@)y = (o) 7

(1-=)

- May be solved for particle volume fraction, shear stress o given inclination angle, height of
liquid column, and hight-averaged particle volume fraction in the column (R-K & shooting)




- Main question: Will particle settle out of the flow or remain in the suspension?

- Simple model: equilibrium balance of particle settling against shear induced migration normal
to substrate (Ben Cook PRE 2008, tested against old data from MIT). New experiments varying
bead size and viscosity of oil.

-Particle volume fraction model:

Do
Ty N
2/ 1% 3 o oo dﬂ- 1l a g(pp pr) sin 3
Kea? (674 +67V9) + Kuio® ( o ¢) Vo= g e f(@ulh) | S
. . M hy2
=Vt (o =gt gt @)= (1 —9) w(h) = ——la)
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Experiments (cont.)




Particle Volume Fraction Model

- Main question: Will particle settle out of the flow or remain in the suspension?
- Simple model: equilibrium balance of particle settling against shear induced migration normal
to substrate (Ben Cook PRE 2008, tested against old data from MIT). New experiments varying

bead size and viscosity of oil.

-Particle volume fraction model:

Do
e o
. . . in dy 1 a*g(pp — p1) sin 3
K.a* (6°VY + Vo) + K, 49 ( ¢) V¢> -39 = f@wh)| 5
. . M h\2
AR 28 ~B OF uii-o ity = ——A)

u(9) \/1+ [A(%)z]2




‘;ﬁrn’c[e Volume Fraction Model (contll

- Concentrate on z-direction (cross-section of the film) & after some manipulation (Cook)
- Result: system of two BVPs (for concentration and shear rate)

R

o = —1— ¢m¢u
Pl

o(0) =1+ ¢m¢o”’°p‘l = o(R) =0

Ho

(1-&)

- May be solved for particle volume fraction, shear stress o given inclination angle, height of
liquid column, and hight-averaged particle volume fraction in the column (R-K & shooting)

pulo) =

o = u(d) = p(6) o
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‘_ Particle Volume Fraction Model (cont.) I

- Consider a solution of the system where there is no variation of ¢ in z-direction (¢ = 0;
well mixed case):
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I Dynamics: EIEE

thin film limit formal asymptotics
N. Murisic et al JFM 2013

Oth +8:F(h,n)=0
On+ 8,G(h,n) =0,

h 1
F(h,n) =/ u(t,z;z)dz = hs/ u(t,z;s)ds = haf(‘Do)
0 0

h 1
G(h,n) =.L ot, z;2)u(t, z;z)dz = hQA ¢.')(t. T;s)u(t,z;s)ds = h3g(a‘)0),




Dynamic Experiments — Settled

Reglme
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‘Iheory vs Experiment 30 %

volume fraction

|0 degrees |5 degrees

25 degrees




Shock Solutions

® Settled regime described by a double shock —
Mavromoustaki and ALB, 2013

® Particle ridge regime described by a singular shock- Li
Wang and ALB, 2013- mass concentration in the shock

0 - 11 ()] 2 =~ [ ()

(k] +hj + hihR) (Dmazf (L) — 9(0L))
Fral - 500 Pmar — OL ‘

Y T Y




idisperse flow

Conservation equation for particles:

» Shear-induced migration
where J = Z dj= Jgrav,i T Jtracer,i + Jarift

i=1
» O:h+ V- (h3F(¢1 $2)) =
» Om + V- (PG (¢1,¢2))
> Oemp + V- (PG (01, 92))




Slurries — theory vs. experiment
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Phase separation mechanism: helical separators

eused in mineral processing since 1940's to
separate solid-fluid mixtures
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®simultaneous application of gravitational and
centripetal forces
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®requires no moving parts (simple and robust)

*no fundamental understanding of the
separation mechanism (mostly trial and error)
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(debris+mud)




Phase separation mechanism: helical separators

modeling expenments
no 2-way coupling varying results
b/w fluids and depending on the
particle dynamics separator used

(debris+mud)



curvature torsion
aA aP

A? + P2 T=A2+P2

€ —

inclination angle

o = arctan (7/€)

rectangular channel

2

centgr /:d 2@ ;outsu_deg




