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Peristaltic transport

m Progressive wave of area
contraction /expansion.
m Biological systems
m esophagus
m small intensine
m ureters
m Peristaltic Pump
m blood, corrosive fluids, foods, ...
m preventing the transported fluid
from their mechanical parts.
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Previous studies
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m Newtonian fluids
m Stokes approximation
v e B assuming some of parameters
zg are zero or small

m reflux and trapping w/ pressure
difference

Shapiro et al., JFM 37, 799 (1969)
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m Non-Newtonian fluids

® many studies,
e.g., Maxwell fluids,
third-order fluids,
power-law fluids, ...



Intdocution Model (1) Results (1) Model (2) Results (2) Summary
ceo 0o 000000 ooo 0000000

Previous studies

m Newtonian fluids
m Stokes approximation

B assuming some of parameters
are zero or small

m reflux and trapping w/ pressure

difference
m width at bottlenecks v.s. flow
rate
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m one particle in fluids

Jiménez-Lozano et al., PRE 79, 041901 . . A )
m dilute particles in fluids
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Peristaltic transport of many particles.
m For example,

m boluses/chymes
in esophagus/intensine
m blood cells in blood vessel
m pumping corrosive sands, foods
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Objectives

Peristaltic transport of many particles.

m For example,

m boluses/chymes

in esophagus/intensine

m blood cells in blood vessel

m pumping corrosive sands, foods
m Efficiency of pumping?
m Particles might jam at bottleneck

m granular flow in silo
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Hou et al., PRL 91, 204301 (2003).
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Objectives

Peristaltic transport of many particles.

m For example,

m boluses/chymes
in esophagus/intensine
m blood cells in blood vessel
m pumping corrosive sands, foods

m Efficiency of pumping?

m Particles might jam at bottleneck
m granular flow in silo

m Minimum width w v.s. flux
m large w—slow unjammed flow
m small w—fast jammed flow

m what's inbetween?
phase transition?
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Hou et al., PRL 91, 204301 (2003).
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Objectives

Peristaltic transport of many particles.
m For example,
m boluses/chymes
in esophagus/intensine
m blood cells in blood vessel
m pumping corrosive sands, foods

Efficiency of pumping?

Particles might jam at bottleneck
m granular flow in silo
m Minimum width w v.s. flux

m large w—slow unjammed flow
m small w—fast jammed flow
m what's inbetween?

phase transition?

Role of friction?

. ‘ i
a b c d
Hou et al., PRL 91, 204301 (2003).

m strain- v.s. stress-controlled
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Peristaltic flow of frictionless granular particles

m Monodisperse dissipative particles
IT =II, UILy, w/o gravity & fluid.
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Peristaltic flow of frictionless granular particles

m Monodisperse dissipative particles
IT =II, UILy, w/o gravity & fluid.
m Spring and viscous force at contact;
fgl = kfz‘je)(fij)nz‘j7
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Peristaltic flow of frictionless granular particles

m Monodisperse dissipative particles
IT =II, UILy, w/o gravity & fluid.
m Spring and viscous force at contact;
zegl = kfije)(fij)nijv
Z}s = —U(Uz‘j ) nij)@(gi‘)nijv
m Particles in a tube, II;
d2ri el vis
m-gz = Z (f5 + F35)-

jel\{d}
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Peristaltic flow of frictionless granular particles

m Monodisperse dissipative particles
IT =II, UILy, w/o gravity & fluid.
m Spring and viscous force at contact;
zegl = kfij@(gij)nijv
Z]l's = —U(Uz‘j : nij)@(gi‘)nijv
m Particles in a tube, II;
dQTi el vis
m-gz = Z (f5 + F35)-
jem\{i}
m Particles embedded on a tube, Ily;
r; = (ry(t) cos ¢, 7;(t) sin ¢, ),

ri(t) =a+ bsin(iir(ct + CD)-
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m restitution coefficient
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m particles are almost elastic
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Parameters

m Scaled by

® mass m,
m diameter d,

= Vk/m
ma=15 A=10,71n=>548 x 1073
m restitution coefficient
e = exp(—mn/\/2 — 1?)
~9.88 x 107!
m particles are almost elastic
m Control parameters

m width at a bottleneck
w = 2(a — b)

m strain rate é = ¢/A

m volume fraction at b = 0,
p= N/6a>L
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Snapshots
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m unjammed flow — jammed flow

Summary
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Typical time evolution of mass flux

m Initial condition: J = 0.
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Typical time evolution of mass flux

m Initial condition: J = 0.

| Tt B Jnax = Nc¢/L.
0s L 1 m Large w
y ‘ 1 m steady slow
80‘6 I et n unjammed flow
e
=M 324 i
=0.167  3.242
™ 02 - 220 3.244 1
¢=1.83x10" 326 -----
o 328 e -
. L 332 -
0 2 8 10

4
/10



Intdocution Model (1) Results (1) Model (2) Results (2) Summary
felele} 0o 0@0000 ooo 0000000

Typical time evolution of mass flux

m Initial condition: J = 0.

= u Jmax = NC/L
¥ i
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0 2 4 (3 8 10 m to steady fast
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Typical time evolution of mass flux

Initial condition: J = 0.
Jmax = Ne/L.
Large w

m steady slow

unjammed flow
m Small w

m Transition

m from unsteady
unjammed flow

m to steady fast
jammed flow

m Transition at w = we.
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Transition time and its fluctuation

m Time ¢t = 7 at which the transition
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Transition time and its fluctuation

m Time ¢t = 7 at which the transition
occurs.
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Transition time and its fluctuation
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Transition time and its fluctuation
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w-dependence of flux

m Estimating we, using the relation
T~ (Wwe —w) ™2,
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where Jnax = Ne¢/L.
m fast jammed flow
for w < we(é€).
m slow unjammed flow
for w > we(é€).
® jumps at w = we.

Summary

m Estimating wc, using the relation
T~ (Wwe —w) ™2,
m Mass flux J/Jmax,
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m No such discontinuity has
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Shapiro et al., JFM 37, 799 (1969)
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w-dependence of flux

m Estimating w,, using the relation
T~ (we —w)~*.

<] m Mass flux J/Jmax,

1 where Jyax = Nc¢/L.

C
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g:3.65i10’: &@ .
02| T2enao] A m fast jammed flow
83X —
of e for w < we(e).
L0305 ‘ m slow unjammed flow
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w for w > we(é€).
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©

® jumps at w = we.
m No such discontinuity has
25| i observed in previous studies

s . (6 =1 - w/2a)

2T o 1 m w, linearly decreases as ¢,

o We >~ —3.75€ + Wmax-

BT o1 02 03 o4 m but behavior for ¢ < 1.0 x 1072
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Density dependence

m Fixing ¢ and changing p

3]
o
&

os L ] m Normalised flux J/Jyax decreases

as p.
le=1.83x10"" =) |
p=148x10 O
296x1077 o
A g

02 | 4.44><10'l £

5.92x1 0'l v

7.40x10° <&
i

4
o
T

JS t/Jm ax

1 1.5 2 2.5 3




Intdocution
000

Model (1)
00

Density dependence

4
o

JS t/Jm ax

= ‘ ) 1
STy %
le=1.83x10"" |
p=148x10 O el
2.96x10° A g
Foo4ddxio L LA
5.92¢1077 7
740x100 O X
1 15 2 25
w
OoOOOO ©) (0]
23 .
2210 a>ooQ
L b |
2.1 :
L 0 05 1 |

e=1.83x107 O

0 02 04 06 08

p

1

Model (2)
000

Results (2)
0000000

Summary

m Fixing € and changing p
m Normalised flux J/Jyax decreases
as p.

m wc(€) is almost constant for p.
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Density dependence

m Fixing € and changing p
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m Initial condition: J = Jyax-

m Large w
m Transition
m from unsteady jammed flow
m to steady unjammed flow

Summary
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Hysteresis
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Peristaltic flow of frictional granular particles

m Polydisperse granular particles
m diameter d;, 0.8 < d;/d* < 1.0
m mass m; = m*(d;/d*)>
m no gravity, no ambient fluid

Summary
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m Polydisperse granular particles
m diameter d;, 0.8 < d;/d* < 1.0
m mass m; = m*(d;/d*)>
m no gravity, no ambient fluid
m [y = (finig + £1;)0(&5)0(f5)
b Hertz force w/ damping term
L 2Y /Ry

3/2 n
ij = m(fzg/ —A fz’j“ij)
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Peristaltic flow of frictional granular particles

m Polydisperse granular particles
m diameter d;, 0.8 < d;/d* < 1.0
m mass m; = m*(d;/d*)>
m no gravity, no ambient fluid

m [y = (finig + £1;)0(&5)0(f5)

n.

m f}i: Hertz force w/ damping term
n 2Y R” 3/2 n
ij — m (Eij —A 5ij“ij)

(] fzj: tangential force
=t oyt
Fto— Fij |f|fij‘<usf;lj
+ pucfiiti;  otherwise

=
— t,,t t,,t
Fij = —k'ug; — n'og;
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Peristaltic flow of frictional granular particles

m Polydisperse granular particles
m diameter d;, 0.8 < d;/d* < 1.0
m mass m; = m*(d;/d*)>
m no gravity, no ambient fluid

m fi; = (i + 1)) 0(fF)

n.

m f}i: Hertz force w/ damping term
n 2Y R” 3/2 n
ij — m (Eij —A 5ij“ij)

[ fzj: tangential force
~t —_—
Fto— Iij |f|fij‘<//'sfinj
" pifiiti;  otherwise
=t
_ bt bt
_fij—__kuij—nvij _
m Linear spring and no tangential force
in our previous model
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Peristaltic tube

m Monodisperse particles embedded in a tube's wall



Intdocution Model (1) Results (1) Model (2) Results (2)
000 oo 000000 ceo 0000000

Peristaltic tube

m Monodisperse particles embedded in a tube's wall
m “Particle-Wall" interactions
m f=(fmi + f;j)g(gij)g( )
B neglecting rotation
mdy, =d", my =0.1m"

Summary
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m Monodisperse particles embedded in a tube's wall
m “Particle-Wall" interactions
m f=(fmi + f;j)g(gij)g( )
B neglecting rotation
mdy, =d", my =0.1m"
m “Wall-Wall" interactions
m Linear spring force w/ natural length [

Summary
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Peristaltic tube

m Monodisperse particles embedded in a tube's wall
m “Particle-Wall" interactions
m f=(fmi + fgj)@(fz'j)@( )
B neglecting rotation
mdy, =d", my =0.1m"
m “Wall-Wall" interactions
m Linear spring force w/ natural length [

m Peristaltic external force f; = (fF cos ¢, fF sin ¢;,0) + fi-(eep

m [P = fPsin(2n(z; — ct)/N)

Summary
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Peristaltic tube

m Monodisperse particles embedded in a tube's wall
m “Particle-Wall" interactions
m f=(fmi + fgj)@(fij)@( )
B neglecting rotation
mdy, =d", my =0.1m"
m “Wall-Wall" interactions
m Linear spring force w/ natural length [

m Peristaltic external force f; = (fF cos ¢, fF sin ¢;, 0) + f?eep

m [P = fPsin(2n(z; — ct)/N)

m7r; = (r;co8¢;,r;sing;,0), r;, =a+ bsin(27r(zi — ct)/)\)

in our previous “strain-controlled” model

Summary
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mt*=/m*/Yd*
m Parameters
m a=3.5d*, \~20.0d*
B A=0.1t*, v =05, k* = 1.0Yd*,
n' =0.1Yd*t*, us = 0.5, u = 0.4
m Restitution coeff. (d; = d*, m; = m*)
e ~ 0.85 for v ~ d* /t*
m Miiller and Pdschel, PRE (2011)

m Control parameters
m amplitude of peristaltic force fP
m peristaltic speed ¢
m number of particles NV
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Time evolution of averaged flow rate

I/t = v/ L, J* [t = Ne/L

12 :
‘ Naw V=118 | fva=0001
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®_ 06 e — 0015 -
> / 002 -
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02 .
ol . . |
02 ‘
0 5000 10000

t

m Transitions exist for certain fP's
m from a jammed flow to a unjammed flow
m because of stress-contrlled walls

m different transition which is found in the previous models

Summary
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Time evolution of averaged flow rate

Model (2)

J/t =, v.i/L, J* Jt* = Ne/L
12 ‘
‘ Na=IVg=118 f"/Yd*2=8‘88;
1 £ = -5 .
\ cr*/A=4.01x10 oo
038 0.008
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* 0.6 0.015
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N o4k .
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t

m Transitions exist for certain fP's

m from a jammed flow to a unjammed flow

m because of stress-contrlled walls

m different transition which is found in the previous models

m J can be negative for small fP's

Results (2)
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Summary
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Stationary flow rate

n=Nd3/Vy, é =ct*/\
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m Discontinuous transition for large c's
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Stationary flow rate

n=Nd3/Vy, é = ct*/\
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é:5.02><10’3 O .
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fP

m Discontinuous transition for large c's

m No transition? or continuous transition? for small ¢'s
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Stationary flow rate
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m Discontinuous transition for large c's

m No transition? or continuous transition? for small ¢'s

m Negative J's for small fP's

Summary
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Negative J—rough v.s. smooth

n=Nd3/Vp, é = ct* /A
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m No negative J's for smooth granular particles?

m because of friction
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Summary

Peristalsis transport of granular particles
m Frictionless case

Results (2)
0000000

Summary

m Discontinuous transition between jammed flow and unjammed

flow
m Scaling relationships

N.Y. and H. Hayakawa, Phys. Rev. E 85, 031302 (2012).

m Frictional case

m Discontinuous transition between jammed flow and

“unjammed flow"

® this unjammed flow is different from that in frictionless case

m Back flow
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Negative J
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N/Vo =710 x 1071 /d*3,¢/)\ = 4.01 x 1073 /¢*
P = 0.002Y d*?

rotation

smooth
Blue: <, Red: =

Summary
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m Progressive wave of area
contraction/expansion.

m Biological systems

esophagus

small intensine

ureters

vasomotion
(spontaneous oscillation)
of small blood vessels

Summary
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Peristaltic transport

m Progressive wave of area
contraction/expansion.
m Biological systems
m esophagus
m small intensine
m ureters
® vasomotion
(spontaneous oscillation)
of small blood vessels

m Peristaltic Pump
m blood, corrosive fluids, foods, ...
m preventing the transported fluid
from their mechanical parts.
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Previous studies
m Newtonian fluids
— m Stokes approximation
o E ——— B assuming some of parameters
are zero or small.
m reflux, trapping.
- &
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Shapiro et al., JFM 37, 799 (1969)
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Previous studies
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Shapiro et al., JFM 37, 799 (1969)

Model (2) Results (2) Summary
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m Newtonian fluids
m Stokes approximation
B assuming some of parameters
are zero or small.

m reflux, trapping.
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Previous studies

/
" /T/ / © m Newtonian fluids

m Stokes approximation

(a*/4ped) (Apyo-o

are zero or small.

m reflux, trapping.
m Non-Newtonian fluids

® many studies,
e.g., Maxwell fluids,
third-order fluids,

Shapiro et al., JFM 37, 799 (1969)

power-law fluids, ...

Summary

B assuming some of parameters
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Previous studies

Fauci, Computers Fluids 21, 583 (1992)
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Jiménez-Lozano et al., PRE 79, 041901

Results (1) Model (2) Results (2) Summary
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m Newtonian fluids
m Stokes approximation

B assuming some of parameters
are zero or small.

m reflux, trapping.
m Non-Newtonian fluids
m many studies,

e.g., Maxwell fluids,
third-order fluids,
power-law fluids,

m Particles

m one particle in fluids
m dilute particles in fluids
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Previous results—snapshots

N. Y. and H. H., Phys. Rev. E 85, 031302 (2012).

t+At t+2At

m Peristaltic transport of smooth dissipative particles
m Strain-controlled peristaltic motion
m Unjammed flow — Jammed flow
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Previous results—flow rate
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m Large w = steady slow unjammed flow
m Small w = steady fast jammed flow

m Discontinuous transition at w = w,.

Summary
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Peristaltic transport of frictional
granular particles
m More realistic systems
m rough v.s. smooth

m stress- v.s. strain-controlled
m slow peristaltic speed
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Model—granular particles

m Polydisperse granular particles
w/o gravity & fluid
m diameter d;, 0.8 < d;/d* < 1.0
® mass m; = m*(d;/d*)?
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Model—granular particles

m Polydisperse granular particles
w/o gravity & fluid
m diameter d;, 0.8 < d;/d* < 1.0
® mass m; = m*(d;/d*)?
m fi; = (ffmij + £1,)0(&)0(f5)
m ng =7i/|ril T =Ti — T,
m &j = (di+dj)/2 —|ryl,
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Model—granular particles

m Polydisperse granular particles
w/o gravity & fluid

® mass m; = m*(d;/d*)?

m &= (di +dj)/2 = |ryl,

2Y Rij

n

lv?j

m diameter d;, 0.8 < d;/d* < 1.0

m fi; = (ffmij + £1,)0(&)0(f5)

m ng =7i/|ril T =Ti — T,

b= g 6 AVE)

= Vij - N5, Vij = Ui — Uy,

Summary

m Hertzian contact force w/ damping term
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Model—granular particles

- fij = (f;;nw + fzj)@(fzﬂ@( zl})
n CundaII-Strgtck —
£ij if [ £ij] < st

t
” tu fijti; - otherwise
~t
mf= —kt% - Utvgj
.
" u;; = U;j - [(“gg i) /|rijlIni;
di — &
u ’UEj = (’Uij —v?jnij)—k : Y N X Wj
di — &
J ij
——— i X W
2 i J

m i :fzj/|fzj|
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Model—granular particles

- fij = (f;;nw + f%)e(fzj)@( zl})
n CundaII-Strgtck —
£ij if [ £ij] < st

t
Ca tu fijti; - otherwise
n Fij = —ktul, — ol
 wj; = vl — [(uf; i)/ |7
m vj; = (vij — o) + di — &ij N X W,
_4i =8y Nj; X Wj

~t =t
mt;= fij/|fij|
m Solving eqgs. of motion
by Two-step Adams—Bashforth method
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Peristaltic tube

m Monodisperse particles embedded
in a tube's wall
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Peristaltic tube

m Monodisperse particles embedded
in a tube's wall
m “Particle-Wall”
m Hertzian force w/ damping term
fij = (f;}nw + f%)@(&ij)@( ;})
B no rotation

m diameter of “wall” particle dy, /d* = 1.0
m mass of “wall” particle my,/m* =0.1




Intdocution Model (1) Results (1) Model (2) Results (2) Summary
000 00 000000 000 0000000

Peristaltic tube

m Monodisperse particles embedded
in a tube's wall
m “Particle-Wall”
m Hertzian force w/ damping term
fij = (f;}nw + f%)@(&ij)@( ;})
B no rotation

m diameter of “wall” particle dy, /d* = 1.0
m mass of “wall” particle my,/m* =0.1

m “Wall-Wall”

m Linear spring force w/ natural length [
fij = —k(|rij| — Dni;
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Peristaltic tube

m Monodisperse particles embedded
in a tube's wall
“Particle-Wall”
m Hertzian force w/ damping term
fij = (f;}nw + f%)@(&ij)@( ;})

H no rotation

m diameter of “wall” particle dy, /d* = 1.0
m mass of “wall” particle my,/m* =0.1

m “Wall-Wall”
m Linear spring force w/ natural length [
fij = —k(|ri| — Dmj
Peristaltic external force

i = (f cos ¢i, fP sin¢;,0) + f°P
m fP=fP sin<2)7\r(zi - ct))
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Parameters, etc.

m Scaled by
m largest mass m*,
m largest diameter d*,
m/m*/Yd*
m Parameters
ma=3.5 A~20.0
mA=01v=05 k"=1.0 0= .1,
Ms = 0.5, Mk = 0.4
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Parameters, etc.

m Scaled by
m largest mass m*,
m largest diameter d*,
m/m*/Yd*
m Parameters
ma=3.5 A~20.0

Ms = 0.5, Mk = 0.4
m Control parameters

m amplitude of peristaltic force fP
m strain rate é = ¢/

mA=010v=05k"=10n'=1,

m initial number density n = N/7a?L

Summary
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