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e Soft condensed matter

= easily deformed by thermal fluctuations
= self-organisation into mesoscopic structures
= macroscopic behaviour depends on mesoscopic structures

* Landau models for phase transitions and complex fluids

Lattice-Boltzmann simulation method

Microfluidics of nanoparticle-liquid crystal composite materials
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Landau Theory 1%t Order Phase Transition

* Scalarorder parameter S c R measures "the order”
* Free energy functional F|S| = /d?’a: {a52 _bS3 + 654}
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Discontinuous change of S at T.. SUPA



Binary Fluid: Order Parameter

* Phase-separating binary liquid: phase A, B, e.g. block-copolymers
A B
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* Scalar order parameter ¢ = p4 — pp density difference
between the two phases

* Free energy functional

Flol = [ & {¢+ 00+ (qb)}

a,b Landau parameters

e,

k related to surface tension SUPA




Binary Fluid: Dynamics

* OP dynamics: advection-diffusion equation

at¢+€-(ﬁqb) MV2§;—MV2u

i chemical potential
M mobility coefficient

* HD: Navier-Stokes equation  0; uq + (ugVg)uq = 03 03

» Stress tensor in NSE

OaB = —p5a5 -+ n(@au5 —+ 8511,@) PChem

PChem = k(04¢)(03¢) chemical pressure due to
composition
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Binary Fluid in Shear Flow

3D: undergoes ordering

2D: forms fluctuating
lamellae with spatial
heterogeneities

.




Mesoscopic Simulation Methods
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Recent review: Ulf Schiller, Timm Kriger, Oliver Henrich,
Mesoscopic Modelling and Simulation of Soft Matter,

Soft Matter 14, 9 (2018) SUPA




Lattice Boltzmann Method

~ e Probability density function
‘,:- /‘/'1 \.’\ f(r,p,t)
I :> \‘f Kinetic Theory: Boltzmann Equation
AN astuaf+F o =0l
Density ,O(I',t) = /f(r,f,t) dsg

Momentum p(r,t)u(r,t) = /&f(r,&,t) d>¢
plrte(r,t) = [ 1€~ ulr, O £(r,,1)d%




Lattice Boltzmann Method

Discretisation of time, configuration AND momentum space

Lattice Gas Cellular Automata

simplified collision rules reproduce HD 15
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(c) Streaming

U.Frisch, B.Hasslacher, Y.Pomeau, D3Q19: 1= {07 SR 18}
Phys. Rev. Lett. 56, 1505 (1986) SOPA




Lattice Boltzmann Method

Lattice Boltzmann equation: for every discrete velocity C;

filr +ci t + At) = fi(r,t) + %[{f fi"}]

Continuous analogue of

Of +u-Of+F- -0pf =Qlf]

Collision operator

1
0 . FEA] — _— (f€9 _ £ P. Bhatnagar, E. Gross , M. Krook,
[{fz’ fz }] Ty (f’ fz) “A model for collision processes in
Tf XV viscosity gases”, Phys. Rev. 94, 511 (1954)

Equilibrium distribution

ffq:wq;p<1+(:i.ul . Cu?
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Lattice Boltzmann Method

1. Collision step fr(r,t) = fi(re,t) + Q[ f. 77}
2. Streaming step filr + ¢t + At) = f(r, 1)

or combined fz(r +c;,t+ At) = fi(ra t) -+ Qz[{fffq}]

From distributions f;(r, ) to macroscopic observables
Density P = Z fi
i

Momentum P U = Z Ci, o i

1
Stress Oap = Z Ci,aCi,B Ji
z- SUPA




Lattice Boltzmann Method

(Relatively) simple boundary conditions

Walls

Particles

.

slip boundary condition (movable wall)
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no slip boundary condition (rigid wall)
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Mesoscopic Description of LCs

*  Unit vector, aka ‘director’ 77 = (n,,n,,n.) Q,‘ %f, i,{;"”“‘”&‘g‘é\f\
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Bulk terms Elasticity terms
Ap .. .Bulkfree energy constant  ~y...Temperature [ ... Elastic constant




Mesoscopic Description of LCs

EOM of the Q-tensor order parameter (finite difference)

(0 + 1a04)Q — S({@@UW}, Q) =

Advection Order-flow coupling
: OF OF . . :
Molecular field H = ~5Q +1/3Tr— 5Q Rotational diffusion constant [

Order-flow coupling 1 ,
S(W,Q) = (EA +2)(Q+ ) +(Q+ 3)(A — 0) — 26(Q + 3)Tr(QW)

Navier-Stokes & continuity equation (lattice-Boltzmann)
P (&ma -+ u585ua) = 85 (035 -+ 035) Oqtly =0
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Liquid Crystal Mesophases

Solid, liquid crystal, liquid
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* 3-D lattice
* orientation

% anisotropic

Nematic
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*1-(2-)D lattice * no lattice * no lattice

* orientation * onientation * no orientation
* fluid * fluid * fluid

S anisotropic % anisotropic % isotropic

Nematic

Isotropic

Columnar

SmecticA & C

Smectic A

N

Smectic C

Cholesteric




Liquid Crystals: Topological Defects

‘Schlieren’ texture in nematic Defects carry a
liquid crystals under crossed topological charge
polarisers




Liquid Crystals: Topological Defects

4 = Local order structure

et === . and ap;?ea ra?ce in
AN polarised light
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RN microscopy
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Liquid Crystals and Colloids

- Anchoring (preferred a) | no defect b) hedgehog

orientation) of the LC on
the particle surface F
* Free energy functional
F = /dS’F (fLag + [s)

fs = w(Qap — 25)2 c) Saturnring|l d) |bojum
| |

a) weak normal

b) very strong normal
c) normal

d) planar degenerate

T. Yamamoto et al., Colloids Surf. A 334, 155 (2009) SUPA



Liquid Crystals and Colloids

(d)

Normal anchoring ©
Saturn ring defect

Planar degenerate
anchoring
bojum defect




Liquid Crystals and Colloids

Hairy ball or hedgehog theorem (Henri Poincaré, late 19t century)

no non-vanishing
continuous
tangent vector field
on even-dimensional n-
spheres
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Colloid-LC Composite Material in Flow

Multidimensional parameter space Particles:
 Volume fraction

* Anchoring type:

top wall normal, planar
/ P * Anchoring strength:

Pressure gradient X (9ap) strong, weak
high low
pressure z (flow direction)  pressure
y
/ bottom wall /
Walls:

* Anchoring type: normal, planar, hybrid
* Anchoring strength: strong, weak

=

SUF}

==
N——




Summary

 Thermodynamically consistent Landau models for complex fluids
* Mesoscopic lattice-Boltzmann simulation method

e Microfluidic flow of LC composite materials

Flow around
disclination or defect
lines in a cholesteric

Blue Phase Il (above) @
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