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Shear thickening B =
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« Shear thickening: - J/

viscosity: ns(p) =a(p)/y 7 w

107! 10° 10! 102 10° 10*

against the shear rate y. R. Mari, ef al., PNAS 112,15326 (2015)

« Discontinuous shear thickening (DST) is fascinating,
where the viscosity discontinuously increases.

DST is studied in many contexts and sefups.
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Shear thickening

DST for dense systems (simulations)

« Mutual friction is important.

M.Otsuki & H. Hayakawa, Phys. Rev. E 83, 051301 (2011)
R. Seto, et al., Phys. Rev. Letft. 111, 218301 (2013)

DST for colloidal systems (experiments)

« Normal stress difference

Is also important.
C. D. Cwadlina & N.J. Wagner, J. Rheol. 58, 949 (2014)
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Gas-solid suspensions

Inertial suspensions
(a model of aerosols)

Particle size: 1 — 70 um
Homogeneity is kept.

Not dense system
(theoretical treatment is available)

Ex.) spray, COVID-19, nursing bed, -
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Previous (theoretical) studies for dilute systems

temperaturel/?

> T1sao and Koch, JFM 296, 211 (1995)
Kinetic theoretical approach without thermal noise

Ignited state
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= DST-like (Quenched-Ingnited) transition for temperature,
but not for viscosity
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Previous study (soft-core, dense)

®» Rheology of inertial suspension composed of soft-core parficles
¥ Kawasaki, Ikeda, & Berthier, EPL (2014)

harmonic potential: U(r) = 2(1 —r/d)?0(1 —r/d)

Langevin equation: % =2Fij—q{pi+&;

4 A e |

Simulations
=0.64 :
; m =10’
- -7 . c
102 | 0.56 0.63 r=10" | Complicated behaviors for moderately dense

0.62 to dense systems
» Thinning — thickening — thinning for ¢ < 0.60
» No thickening for ¢ = 0.63
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hard-core potential:
o (r < 0)

4 = {o r = 0)

Our previous studies (hard-core)

» Rheology of inertial suspension of hard-core particles
7 Hayaokawa & Takada, PTEP (2019),
Hayakawa, Takada, & Garzo, PRE (2017),
Takada, Hayakawa, Santos, & Garzd, PRE (2020)

» Collisional contribution is written in terms of the kinetic part,

®» Discontinuous shear thickening (DST)-like behavior for dilute systems
= jgnited-gquenched transition of the kinetic temp.)

DST-like — continuous shear thickening (CST)-like behavior at ¢ = 0.0176.

» Kinetic theory reproduces simulation results even for ¢ =~ 0.50.

. ‘ — 10" ‘
¢ = 0.01 4 | 09 (theory, linear) ¢ = 0.50 0.9 (theory, linear)
107 £ 0.9 (theory, 6th) 0.9 (theory, 6th)
0.9 (sim.) 0.9 (sim.)
1.0 (theory, linear) — — - 1.0 (theory, linear) — — - 7
n™ 402 | 1.0 (theory,6th) —— n* 42 L 1-0 (theory, 6th) F

1.0 (sim.)
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Our previous study (dilute soft-core system)

» Kinetic theory is extended to soft-core system
7 S. Sugimoto and S. Takada, J. Phys. Soc. Jpn. 89, 084803 (2020)

» System: similar to Kawasaki et al., but dilute limit is considered.

» Kinetic theory is constructed.

(b)
108

10°

*
T 10*

DST occurs twice when (hardness £*) /

Good agreement with simulation
Shear thinning for large y*
No thinning for small y*

Ul = %(1 = )28 — r/d)
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Previous study (dilute soft-core system)

®» Relationship to hard-core limit¢
= Softness is inevitable at a certain shear rate.

This shearrate 7 as ¢ /.

Softness is the origin.
— Does this survive even when ¢ /7 ?

This shear rate iIs common.

Similar to hard-core system.
This DST will vanish as the density /.

(v Hayakawa, Takada, Garzo, PRE (2017))

9 =001, &gy = 1.0
2001 A2)8 FRANGEA. i g



Motivation

boundary viscous
confinement —— {hydroclusters
(dilatant)
= What causes DST? tsctve C@;
> Tangential friction { ---------------------------- el
beTween pC”’TIC'GS? entropic _______\ """"""""" . STEE{‘Q'”THQ (r&:l?ﬁlcr)\l;?)
7 for granular system:; and visegus — . %OCC))%
Otsuki & Hayakawa, PRE (2011) %808 SOS
. . . O OO log §
/ Hydrodynamic interaction? 5”

Our gquestion:
s it possible to observe DST for simple systems,
especially, frictionless soft-core systems?e

This question might sound crazy for people in rheology community.
But this actually happens!
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Theoretical oriented motivation of this study

Question:

» Can we observe DST of frictionless soff inertial suspensione
® |[f we can, s it possible to freat it by the kinetic theorye

Ap{aroach: Hard-core Soft-core
» Molecular dynamics
. . . Hayakawa & Sugimoto &
(MD) mmulo’non DI|UT€ Takada Takada
= Kinetic theory of PTEP (2019) JPSJ (2020)

iInertfial suspension

Hayakawa, Takada,

Moderately 8 Garzé
PRE (2017), i
deﬂse Takada, Hayakawa, e STUdy
Santos, & Garzd
PRE (2020)
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Simulation model and setup ¢ = ko

U(r), F(r),
» Monodisperse particles (mass: m, diameter: o) v
®» |nferaction = harmonic potential
oU(r) 5 7\?2 r . S
R = -5 =3(1-7) o(1-7)
®» Fquation of motion = Langevin eq.
dp;
dtl = 2 F(r;;) — {p; + ms;
J

i = m(v; —yy;e,): peculiar momenftum

®» Shear is applied.
Sllod + Lees-Edwards b.c.
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Langevin model for suspensions

Langevin equation: % =2 Fij — {p; + m¢;

Pi = m(vi = ]'/yl-ex) = ‘mVl: peCUIlar
momentum

@ interparticle force between particles
@ drag term (Stokesian)

®/thermal noise term satisfying Conirol poroeis

(i) =0, 20T @ Packing fraction: ¢
(§ia(0E)5(t)) = ——=01;64p8(t = t) | @ Shearrate: y = y* = y/¢

® Particle hardness: e = &* =

&
mO'ZZZ

Tenv 1
@ Env.temp.: Tepy = Eeny = / .
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Langevin model for suspensions

Langevin equation: % =2 Fij — {p; + m¢;

Enskog kinetic equation for the inertial suspension

Tenv a 1 V
o rw,o f+Hvir o

shear drag from the solvent partficle interaction

ollision integral: Jg[VIf, f] = [ dV, [ dkos(x, Vi3) Vi
X [fP(r, 7+ rink, Vi, V5, t) — FO(r,7 — 11ink, V4, Vs, t)]

os(x, V12): collision cross section
determined from the scafttering problem

FOr,ry, ViV, t) = gof (ry, Vi, £) f (ry, Vs, t): decoupling arrox.
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Softness of particles

» Scaftering analysis
= Appearance of softness ’
Omega integral:
o) 1
05,(T) = j dy y7e‘3’zf db*b*sin? y (b*, 2yVT*)
0 0

* The ratio of the coll. freq. of soft particles to

that of hard-core particles

100 . =============e-_-._.e=ee \
QZ,Z = Vsoft/VHC o2 i
* Low T: hard-core like (Q3;, =~ 1) o e
- High T: softer and softer (Q5, — 0) 224074 S0 MK
. 107 10* 107 10?
10° ‘

0% 10% 107
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Enskoq kinetic equation for the inertial suspension

: _ Teny O

Evolution equation for the kinetic siress:

d .
= Pap +V(0axPyp + 8pxPya) = —2{(Pap = nTenvOap) = Aagp

Kinetic stress: Py = m[ dVV, Vg f(V,t)
Moment of the collision integral: A,p = —m/J aVV,VgJe(VIf, f)
This equation is NOT closed!

Closure: Grad’'s moment method Maxwellian distribution

k m N5 my2
FV) = fu¥) (1+%<%{3— aﬁ>vavﬁ> fu) = n (g exp (-
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Further two assumptions:

= Replacement (for any F(k, 7))
j 4026, (1, Via)Vaz F(E Tonin) = 95 d j Ak O(Vyy - R)(Vyy - R)F(R, d)

os (x,Vi2)V;1,: collision cylinder of soft particles
= d?(V4, - k): that of hard-core particles + Q3 , (softness)
Same procedure as hard-core system

-/ﬁneor approximation with respect to y*

— =

We can obtain a set of equations for
@H_ Pxx Pyy ®5H_Pxx Pzz @H

— 06
Nienv NTenv nTenV o
(@©: dim. Iess ’remp @,®: dim.less. anisotropic temp., @ dim.less. shear stress)

k

% The contact part of the stress is written in terms of the kinetic part.
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A set of dynamic equations:
. B 8
— 2,-} ry = 2(9 — 1) c=1+ ngOQQ’Q’
z1 . ;
D=1-——pgli,,
—24"T0, = (2 + Vo) AP, 357
_27*81_[?1; — (2 + VbOft) E=1- %VQOQQ 2
2 1
(2 + Vi), =47 (gDAQ — 5£00 — ce)
Then, the rheology is described by
w30 =0")(2+ V) 2 A6 166 oD — £22(1— 671
g \/ T , F=iD— — 5, —C=" T —C.
1%, = ——(6 - 1), N |
7C All quantities are written
Al — 23(5’:‘ b as a function of the temperature.
I”so‘ft
3E2(0-1)
00 = C 2+ vr

soft
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Flow curves

®» Temperature and viscosity against the shear rate
@ = 0.10,0.20,0.30; £* = 10%, &y = 1.0

10° 10’ 10 10° 10’ 10°

» DST-like behavior survives even for the finite density!
(softness induced DST)

» Shear thinning in the high shear regime
» Good agreement with the simulation
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Kinetic and contact parts of shear stress

»p=030¢ = 104, $envy = 1.0

10°

 kinetic

contact — — -

®» Both contributions are well reproduced.
» Kinetic (contact) part increases (decreases) after DST.
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Flow curves for denser situations

® o =0.40,0.50,; " = 10%,&,,, = 1.0

100 10 102 10° 10"

®» Still good agreement with the simulation
= Kinetic theory is available in the wide range of ¢.
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Flow curves (3D)

» Continuously change the packing fraction
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Softness induced DST exists in the wide range of ¢
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Comparison with simulations

» Also change ¢* = 10* and &,y

1010
10°

4 PO

* 106;‘
104
10%

10°

y

*

10° |
10°
10% |
10% ¢

10° ¢

» Still good agreement for &,y = 1

= Kinetic theory is available
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INn the wide range of the control parameters.

2021/12/3 1st Kakenhi meeting



Discussion

» Hydrodynamic interaction
Our current model: an oversimplified model.
Drag from the background = Stokes'’s drag

10° -
For denser systems, o
ag = the resistance matrix ,
> Kim & Karrila, “Microhydrodynamics” (1991) @ 107 | ©
= depends on the configuration of particles. 1q° | ©
2 O
10 ©)
F A1) 4(12) &) A&(12) -
" F] Algl Af'%g (3*21 (3%2 (v, — E @7 107 2 = 0 2
F| A7 A GEY G| v, - B 10 o L
o " el Y SV fe _g 14
;. (21) ~(22) ar1) Ar22)| L — i : :
Gij o GiT M M s it possible to observe DST2

= What we should do next.
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Summary

» \We construct the kinetic theory of inerfial suspensions of
soft particles.

» Softness is characterized by Q5 ,.
» DST-like behavior survives even for finite ¢.

®» (500d agreement with the simulation
iIn the wide range of the conftrol parameters

What we should do
» Hydrodynamic effect
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