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Rheology: suspension to a granular flow

e ® _® SHEARRATE,y

Shear and Normal Stresses,
T and P

Granular Flows

Collisional interactions
T,Pop,d?p

Dilute Suspension
Viscous interactions
T=u"y,Poy
L’ - corrected viscosity,

U = 1 f(@) with ¢ as the
solid fraction

P, particle density
d particle diameter

I
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We are interested in this
“idealized” transition.

Need to understand

collisions.




Single particle collisions in a liquid

Coefficient of restitution from

rebound (U,) to impact
velocities (U;)
e:'Ur /LJI

Controlled collision with an
Immersed pendulum into a
hard surface

Effect of Stokes number
St=p,Ud, /Ou

Joseph, Zenit, Hunt & Rosenwinkle 2001; see
also, Davis, et al 1986, 2002; Gondret, et al
1999, 2002

12 mm Delrin
particle impacting
a zeodur (hard)

wall in water at
St=400:;

e=-U, /U, =0.80
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Particle-wall and particle-particle
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Particle-wall coefficient of restitution (e)

Hard target
surface.

Stokes
number,

St=p,dU; /9u

No rebound for
St<10

Dry-like
behavior for St
> 2000

Coefficient of Restitution, e
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No rebound
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B.35 mm glass (air)
3.00 mm glass (watet)
400 mm glass (watet)
£.35 mm glass (watet)
6.00 mm glass (inclined)
6.35 mm glass (50% glycernl) [
B.35 mm glass (58% glycernl)
B.35 mm glass (6d% glycernl) H
5.56 mm steel] (water)

£.35 mm stee] (water)

£.35 mm steel (30% glycerc]
1.93 mm steel (50% glycerol
6.35 mm steel (67% glycero]
B.35 mm steel (V4% glycerol
B.35 mm nylon (watet)

. 12.7 mm delrin [watlﬂr]
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Stokes number

Joseph, et al, JFM, 2001



Coefficient of restitution — surface roughness

Ll
In some
0.9
cases, yl
variation in e 0.8r A
that was as v 07l @ 6.35 mm glass (ait)

E‘ ' * 300 mm glass (water)
1afge as a g t + .00 mm glass (water)
factor of 2 E 0.6 t o 6535 mm glass (water)

) % ¢ 600 mm glass (inclined)

Q5T @ o .35 mm glass (50% glycerol)

= o B35 mm glass (58% glycerol)

-2 0. 0 635 mm glass (64% glycerol)

EE glass 4 556 mm steel (watet)

20.3F particles ®  A6.35 mm steel (water)

* 535 mm steel (30% glyceraol)
02k B 793 mim stee] (50% glycetol)
‘ *  £.35 mm steel (67% glycetol)
i ®  H.35 mm steel (V4% glyceral)
0.1 ¥ B35 mm nylon (water)
. 2.7 mm deltin (water)
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Surface conditions

Measured surface roughness (G,)
and correlation distance between
asperities (A,) ; minimum distance
(h,) and Hertzian contact area (A))
for St < 80. Minimum distance
based on elastohydrodynamic

theory of Davis, Serayssol &
Hinch 1986.

b, ~ (U, @V2IET) 28

Gs/ hm Ah/ /152
Nylon 73 2

Glass 5.4 7.3
Steel 0.5 3

Steel ball bearing
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Particle-particle restitution

c  1r . : :
S e = — e ~Uar) p— %é% Despite particle
£ os8f . mobility,
n . .
v particle-particle
o 0.6) . .
S ﬁ O s-s collisions
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2 g ¢ s for particle-wall
© 0.2+ 3 g-s |_ .
@) %‘ - collisions
U x ] DEI:I & Q-d
r 1r rI_r'ﬁDr’ll 1 P T T A | 1 1 L1 a1l 1 1 L1111
) -1 2 3 4
10 10 10 10 10 s=stegl|
Binary Stokes number, Stg g=glass
d=delrin

Yang & Hunt, 2006
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Surface deformation due to impact

power supply/switch

4
- Ductile feease A
_ mechanism N
aluminum A
Surfaces 5 | removable
2 polished sample
- Measure s 2.
COeffI Clent pressure bar
Of electromagnet
restitution
and crater
Size with
optical

profilometer




Surface deformation due to Impact
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coefficient of restitution, e
o
o)
I

© 0.001-0.027 1e-06

O 0.027-0.052 1e-06
02 O 0.052-0.078 1e-06],
, Size of symbol 0.078-0.15 1e-06
- reflects deformed @O.IS—O.ZI le-06
Ruiz& | L., . volume [()0.21-0.26 1e-06
ord 10 10° 10" 10°

Stokes number



. S
Prior Work: Rheology g

. BagnOI d ( 1 9 5 4) Flexible walls , Rotatin cylincier
Neutrally buoyant wax spheres; 1 mm dia. Outer Cg T
rotating cylinder. Solid fraction from 0.1 to 0.64. Laatanl Lo
Secondary flows within annulus (Hunt, et al ' Gap / ol
2002). S 5o
Gap Reynolds number Re,=pr wb/u; %

Re, from 8,800 to 33,000. -
For b/r,=0.19, critical Reynolds number of
18,000.

Gap:

b=r,-r;=1.08 cm
Only “macroviscous” torque measurements
were not affected by second flows. Height:

h=5.0 cm



Manometer |
|

Prior work | =2

Flexible walls : Rotating cstinder
- Bagnold (1954) | n
. i Stationary cylinder 15.00 cm
Neutrally buoyant wax spheres; 1 mm dia. ; | I
Outer rotating cylinder. Solid fraction from 0.1 ; 22N
to 0.64. Secondary flows at higher shear %o B
rates. - %
Ry

- Savage & McKeon (1983)

Neutrally buoyant polystyrene spheres ~1 mm
diameter. Inner rotating cylinder. Taylor
Couette vortices. 5.0 mm

Critical Reynolds number, Re, =100

o

For pure fluid Re,, ranged from 500 to 5000 v SN

17.5 mm [ S >
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Prior Work (Continued)

Ihsplacement gauge

Torque gauge

° Hanes & Inman (1985) Sta‘tionar:y cylinder

Glass beads 1-1.8 mm dia in % Variahl
Rotating i h:;;:t e

water; non-neutrally buoyant.
Heavy particles caused partial
shearing of flow.

|
;
:
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|
| 7
- Acrivos, et al (1994)
sides |
Neutrally buoyant; PMMA 0.14 | ol
mm; acrylic 0.09 mm. Designed for R
neutrally buoyant but there was !
settling. r— T
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Prior Work (Continued)

- Prasad & Kytomaa (1995)

Neutrally and non-neutrally buoyant; sdes & top
3.2 mm dia acrylic spheres

Rotating
bottom

R R R R A N AR NN B

A Variable
 height

%-—310.8 cm

- Boyer, Guazzelli & Pouliquen " n——
(2011)

Neutrally buoyant; 1.1 mm PMMA s
spheres; 0.58 mm polystyrene

Pure liquid

Suspension

R,-R;=46 mm;
H,=18 mm



Our rheometer

outer rotating inner stationary

cylinder > cylinder

fluid and particles in
annular gap

Torque measured
in central section
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Koos, Linares,

Hunt, Brennen,
Physics Fluids,

2012
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Our pure fluid tests

01

() Data aqueous glycerine 77%
009k Laminar flow theory

- Laminar flow;
smooth walls

- Case shown is for
Re, = 520 to 3700

- For our geometry,
Re,=15,000

Pure fluid laminar: 0.02}
M=4mpuH wr?r,2/(ry2-r?) oot
=27'Cri2H Ly ‘ % 20 10 50 20 100 120 140

Shear rate [1/s]




Results for flows with p, = p; and smooth walls

: f'; ~ g gg o Pfﬁpp - i ggg 3.3-mm polystryrene
= inpr/p, = : : : .

0 0 6—o0641 FiFp cylindrical particles

10°F O ¢=0.615 1
g A 6 =0.60 e
o O 6 =050 > 8o g ©
o 5 x ¢ =0.40
= 100 F ¥ ¢=0.30 1
R o " EalaBan
c q ¢ =0077 ]
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10° | X
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Stokes number St = p,d?y/(9u)



Results: different particles with p, = p; and smooth walls;
Bagnold macro-viscous data

¢ Is random
loose pack
solid fraction

Nylon spheres
6.4 mm
diameter: ¢,
=0.57

SAN spheres
3.2 mm

diameter
¢/ =0.61

Polystyrene
cylinders 3.3
mm:

¢/ =0.55
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20
Critical Reynolds Number

2.5 0 dm:{]lﬁlau —
Assumes O ¢=0615
that we A "i’fg'fg Smooth walls |
can use N 'S;’ _ﬁ;nﬁiu Polystyrene particles |
effecti_ve E gi 0154
viscosity q &= 0077
and the ”ﬁ; . _
transition E o
criteria for \ *
pure fluid. ~= 19 Gﬂ] B % é’
SERAL |

For our = 0) ’}__ %
geometry, |
critical Re, 0.5} -
~ 15,000

0 1 al

10" 10' 10° 10° 10" 10°

Repapp = prwrob/ tapy



Results for smooth & rough walls

5

10 - I I I I I

t O Smooth walls

O Rough walls
" % Hanes & Inman (1985)
4' + Prasad and Kytomas (1995) m

10 F — — -Zarraga et al. (2000) *

f —— Exponential fits ;J %
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.-~ Correlation for low-Re
suspensions works for

10° Acrivos, et al & Boyer, gt al
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Overall results for flows with p, = py

With smooth walls,
measured torque is
lower relative to
rough-wall results
because of slip
along walls.

Modeled slip using
depletion layer.
Calculate using
measured wall
velocities and
particle counts.

Koos, et al 2012

Effective viscosity larger than found for low-Reynolds
number suspension flows.



Why didn't we transition to granular-flow
rheology dominated by particle collisions?

Over range of experiments, torques
depended linearly on shear rate.

Possible answer - local Stokes humber may
not be high enough. Doing additional rough-
walled experiments with higher density
particles and lower viscosity fluids.
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Relative ViSCOSity (Acrivos, Fan & Mauri 1994)

Height-averaged relative
viscosity, f, as a function
of averaged solid fraction
@ and
9
4=2 ny
2hoglp
with y = shear rate and h,
Is height of sheared
region.
Balance of low-Reynolds
number settling and shear
induced migration.

Ap/p = 2-3%

100

Rotating
eeeeee

| height
1



Rough Walls & Non-Neutrally Buoyant

1 % 3253
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| ) O 6=0.5
g:ﬂ:ﬂ.sl
10' F — @ = 0.3
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Effective Reynolds number (Re* = pwr,b/pn')
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Summary o5 o
.
0.7 e —
' i os | Sus ension/ Grain
In our prior eXperImentS, e o5 DUSp

04 - inertia
Max Stokes numbers =80  ° /

0.2
0.1 -
0

10 100 1000

Pushing higher St to
See if there is transition to collisional
Interactions.

Stokes number

More experiments at higher Stokes number
- Denser particles & less viscous fluids
- More accurate measurements of solid fraction




Questions?



