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Drag low In a granular medium

One body drag Experimental Setup

The drag force acting on a tracer Plate moves at a constant speed.
In a 2D single layer was measured. @) ell maurteon e scer

¢ Partlclaa;;’

-
Disk f

7
Monextensible thread connected to the gauge

Intruder is fixed.

Drag force: Fyrag= aV? + F

Force gauge
fixed to the desk

Slider

(€)

1.4
1.2 . S T 1 T T T T
1 Time average §_§?g N \ .
T 0.8 3k -
o — {3.83;
< 04 = . o i V AV
0.2 Tl .
0 ;
1 . ¥ T
0.2 | | | | P s i f\_i'j:ghﬁ Ay LA s,
0 0.5 1 1.5 2 05k +  L.amET Ty K
V/V, o™
Y. Takehara & K. Okumura. 0 200 400 600 800 1000 1200 1400

t [ms]

PRL, 112, 148001, (2014).

2018/6/27 3



Drag low In a granular medium

One body drag

Experimental Setup

The drag force acting on a tracer

In a 2D single layer was measured. @ el murte o sicer
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Monextensible thread connected to the gauge

Force gauge
fixed to the desk
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Yield force F, was appeared with
considering dry friction of bottom plate.
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Interaction of intruders in a granular medium

Brazil Nuts Effect (ED) : Rolling Cvylinder (Exp.)
D. A. Sanders, et al, PRL, 93, 20, (2004) I I. Zuriguel, et al, PRL, 95, 258002, (2005)
: : }—»"R P @ f > fn
—> Separation
b
e (D),(C) f < frn
— - = Attraction

f < f = Attraction
f > fn = Separation

pL/ps ~ 1.0 = Attraction ||
pr, ps: Large/Small granular density | |
|
I

Mechanism Mechanism
. 2
, Hot & dilute region ™" avmsy & o f<fen= 51.] <0 :
:‘:0 l.' T “ B (large fluctuation outside)
.‘ - U0
' ! — 6P = pSU2/2 < 0

: »
K . .\’v .,,/ . Pressure difference

More collisions at region B~ Yoo makes attraction.

|
) .1
o than_ region A cause a_ttrac:tlonI SU? = —[U,, . (out)? + Vo (out)?
“1/6/27 (going to lower density) | ~(Uypms (in)? + Vs (in)?)]



Interaction of intruders in a granular medium

Question

How do the two Intruders interact each other under
steady / oscillatory granular flow ?

Which interaction are observed What cause the attractive

In the case of two intruders? Interaction between intruders?
Density profile & streamline of grains Granular segregation
@ oA Y g Ko Tty RO H A -f- \ "t
One intruder case ===~ —f ] s
¢ '*’t:?/_.:_.“_ti“z;i;- o 0.6
=1 —1 b
SO R o 02
o= e o oscillation

S. Takada & H. Hayakawa.
J. Eng. Mech. 143, (2017).
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Model (DEM) A — zFi,j s ¢ : Disk index
t'1 Cc ex
J

7, : Position m; : Mass
Vex = Vex (dy/ky/m) _
—_— 1. Repulsive force (only normal force)

i’ - . . . . i, y
F = k,6%n" —y,v,’

': ’ OV y «_v » b2 3 .(‘ boe ‘, %, ‘, 3 ,. ‘. :
R R
C # .; aeRec ’5.!::‘.?'-5:.‘? 3.0. 335 o %... .’. X e )
e c%i.p'f-' g '..g:g;;,.ggf,:ggﬂ? }?'.)pqé%fo.:‘gg slcTseirene =
T o R A
SRR R R 2 GO S
)
: Sesseee:

(1} .. o .z‘u;.';..

2. Driving force

Fox = _U(i‘i — Vex)

d; =d(1+0.1r) : Small disks
(r : Uniform distr.)

D = 10d : Intruder

Boundary condition
Fixed flat wall L,, = 150d
Periodic boundary L, = 200d
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Velocity field around intruder Veé O
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—0.50 - ' O G flow separation wil.  a® i
-0.75channel ¢ outside o T W B
0 12 T 31/2 o J. Eng. Mech. 143, (2017).

o
\elocity profiles of grains within (D+2d)/2 seem similar at outside.

Flow stagnates at narrow channel
and the profile shows asymmetric form.

Little dependency on flow speed V..
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Granular flow peel off in same point at outside.
Flow separation is suppressed in narrow channel.

Separation angle become to symmetrical with increasing R.
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Drag force Fypag for Vox & R Fyppy =< z pineruder)

o.owo5{ o e
0.030{ V¥ Lower X ___,_---~—-—“‘l"" X
A Upper
0.025 , 0.0100 0
----- F(V) VvV X -
3 0.020 z: ,,!"
_ 2 ¥ 0.0095 ) § _ —a
= 0.015| Farag(V) = ayV ) > Fgrag (R) = a + bR™R
e ©
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- o.oo8{ «R-
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VexV kn/m/d R/d

Farag(V) can be expressed with V> with no yield term.
1-body drag exp.

Farag(R) can be expressed as F (R) < R™9rR, raf oo
(@ > 1)  pogiessies

Farag (R) 1s suppressed when R is small

because the flow speed decreases. Moes e
2018/6/27 PRL, 112, 148001, {(2014)




Fint/knd

Interaction Fi,, for V., & R F, = z pintrudens

0.0100| w | ower A 0.004 I\ V¥ Lower
0.00751 A upper A7 X A Upper
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Fi,« (V) can be expressed with V2 & effective interaction is repulsive.

=> contrast to perfect fluidity (Bernoulli’s principle)

Fi,«(R) can be expressed as F(R) <« R™%R (ap = 1)

& asymptotically approaches 0 as increasing R.
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—@- R/d=11.5
9 0.025 - R/d=125
™~ @ —
0.020 —- RId=145
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When R is small, there are%wo peaks In the profile of granular
temperature at the channel & front face (6 = /2, ).
Increasing R, these two peaks merge into the peak at 8 =«
and symmetric profile, then the interaction F;,; becomes weak.
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Model (DEM) m;t; = ZFCi’j + Fex | 4 : Disk index
j

VX(t) = Avsin(vt)

. E—

C30)

Boundary condition
Fixed flat wall L,, = 100d

7, : Position m; : Mass

1. Repulsive force (only normal force)

i’ ' P P i’ !
F = k,6%n" —y,v,’

2. Driving force Foy = —u(i; — Vey)

» All disks including intruders can move

» Parameters: (4,v)
Amplitude & Frequency
Initial distance R, = 14.5d s fixed

Periodic boundary L, = 100d

2018/6/27
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Oscillational flow: intruders dynamics

Small v: attractive Large v : non-attractive

(Av(m/u)/d, vim/u)) =(70.7,10.5)

16 1
12 1 y
’ D/d E‘ N
° y
4- m—— Ryfd — R
4- x — Ryfd x
0 : : . 0 —— e ————
0 10 20 30 40 50 0 10 20 30 40 50
Number of oscillation Number of oscillation
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GranUIar tem pe ratu re at o LAVMIL)/E, V(M) = (70.7,4.2)

repulsive & attractive period - — "
1/v <t < 2/v:Repulsive period .

log1oT % 10 20 30 40 50
oy Number of oscillation

Initially, left side region and region between
Intruders become high temperature,

- and they would cause initial separation
(same reason with steady flow).

5/v <t < 6/v:Attractive period
JdogqoT

 After several oscillations, the region around
.. Intruders become high temperature and this
- would prevent the intruders from separation.

Summation of granular temperature during an oscillation at each point
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Number of disks around intruders
(Av(u/md),v(u/m))

=
o

—&— (23.6,4.2)

o
co

o
~

Na(6)/max(Ny(6))

channel outside

0 2 r'r 31/2 on
6

—e— (23.6,4.2) —— (70.7,10.5)
—=— (70.7,4.2) ---- D/d

0 10 20 30 40 50
Number of oscillation

=0

(DL+D)/2/, - T 9

NA) There are little differences between channel and outside.

A) Channel region has less number of disks than outside.
Moreover, the number of disks at the channel is small.

NA): abbreviation of non-attractive cases and A): abbreviation of attractive cases.
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Granular temperature around intruders

1.0

@ 0.8

=

X

© 0.6

=
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Q@ 0.4 —&— (23.6,4.2)

= —- (70.7,4.2)
02 —&— (70.7,10.5)

0 . (Avu/md),v(u/m)) 5
v,

2

0 10 20 30 40 50
Number of oscillation

=0

(DL+D)/2/, - T 9

A) Channel region has higher temperature than that of outer region.

The granular temperature for (NA) is smaller than that of (A) for all 6.

x-direction (8 = 0, T, 2r) shows higher temperature than the others.
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Origin of attractive interaction

Number of disks

—— (23.6,4.2)

= (7
—&— (7

0.7,4.2)
0.7,10.5)

0 nﬁ

m 3n/2
7]

Non attractive case
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Granular temperature

1.0

T(6)/max(T(6))

o
»

—8- (23.6,4.2)
—- (70.7,4.2)
—&— (70.7,10.5)

o
[N

0 n/2 n
6

Attractive case

3n/2

2n

—— (23.6,4.2) —— (70.7,10.5)
—=— (70.7,4.2) --=- D/d

® Nrmber of oscillation
If the frequency is
enough small and
amplitude is large,
small disks between
Intruders move out and
the other disks are rarely
able to invade to channel
area because of higher

temperature there.

Initially, the disks locate
between two intruders are
colored with blue.
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—— (23.6,4.2) —— (70.7,10.5)
18

Origin of attractive interaction . A\

Number of disks Granular temperature :
1.0 0 10 20 30 40 50
1.0 > @se2 Number of oscillation

o
oo
o
[

—&— (70.7,10.5)

Mechanism of attractive

o
i

Na(6)/max(Nq(6))

T(6)/max(T(6))

o . E Interaction is similar to
° om o m meo o= s = that of vertical oscillation.

Dilute region of granular

medium between intruders
Lower density region jntroduce attractive
Interaction in both case.

Brazil Nuts Effect (ED)

(a . * o . . . L
. . ** . .. . ) -

13 * % n")"‘ o, 0
P < iy ’ LR SRe o ’, Ja

X y X! LN PRI - D

D. A. Sanders, et al, More collisions at region B
PRL, 93, 20, (2004) than region A cause attraction
2018/6/27 (going to lower density) 21



We numerically obtained the effective
Interaction within two kinds of granular flow

Interaction in steady granular flow

» High granular temperature at channel region makes
repulsive interaction of intruders

6 "
50
]
@
B
E]
4
20
10 ©
0 0
(] 10 20 30 40 50 B0 b w

> Drag force can be expressed similar as one-body problem (o< V#)

Interaction in oscillatory granular flow

» Dilute hot region at channel makes attractive interaction
» The granular temperature of parallel direction to the flow is agitated

and this prevents the intruders from separation
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