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Viscosity, sedimentation, diffusion

Ffluid Fsus

Fick's law:
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Beginning of microscopic considerations

Einstein 1906:
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Hard-sphere suspension

Unbounded liquid,
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Stokes equations:
Vp(r) —nAv(r) =
V-v(r)
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Stick boundary conditions,

v(r) = vo(r) for r = o0
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e.g. shear flow:
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Single particle problem

Single particle in ambient flow vq (r)
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Single freely moving particle response operator

v(r) = vo (r) + / Br'G(r— 1) £ ()
Oseen tensor:
G(r) = 871Tn14;rr




Effective viscosity - Einstein

— _. .; .— ambient flow vq (r)
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eParticles do not influence their movement



Hydrodynamic interactions - Smoluchowski

r gravity field
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Hydrodynamic interactions are long-range




Beyond diluted suspensions
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Two-particle hydrodynamic interactions
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Batchelor, Green (1972): a9 =~ 5.2 (ad hoc)



1982 — problem of long-range HI solved

B. U. Felderhof,! G. W. Ford,” and E. G. D. Cohen®

Received August 74, 1981

We derive a cluster expansion for the electric susceptibility kernel of a dielectric
also leads to a cluster expansion for the effective dielectric constant. It is shown
that the cluster integrals of any order are absolutely convergent, so that the
dielectric constant is well defined and independent of the shape of the sample in
the limit of a large system. We compare with virial expansions derived earlier in




Effective viscosity - suspension in a flow

() = [@RT (R (R) Rty

Example of scattering sequence (many-body):
M(1)GM (3)GM (2) ﬁ@ ﬁ /
G x M(4)GM(5)GM (4) ><G><M ) @

short range hydrodynamlc interactions
(strong interactions of close particles)

\ long range hydrodynamic interactions
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Response of suspension

(effective viscosity)
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® % O / average velocity field of suspension
o, o () =1""(v)
average surface force response operator

Effective viscosity coefficient is given directly by the response operator T

short-range hydrodynamic interaction

Cluster expansion (1982): /

Tirr =% S‘ /dOl AC,H(C] ... |C))SH(CG .. GSH(C,)

g=1C1.. T

Oseen tensor (pure liquid):

block distribution function 1 1+t
(configurations of particles) G =

8t T



Hydrodynamic interactions

Many-body character

Sedimentation coefficient for hard spheres

1 . : : ! : | : | , numerical simulations

Self-part corrected (3y) (close to experiments)
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two-body approximation

volume fraction

two-body approximation relevant for volume fractions less than about 5%



Hydrodynamic interactions

Strong interactions of close particles

For constant velocities asymptotically infinite drag force




Renormalization 2011

short-range hydrodynamic interaction

Cluster expansion (1982): /

i =% S‘ [d(]l AC,H(Ch] ... |C)SHCH)G . .. GSH(Cy)

g=1C4.. T
Oseen tensor (pure liquid):
block distribution function 1 14t
(configurations of particles) G =
8ty T

Ring expansion (2011):

TV = S‘ S‘ / dCy ... dC,H(Cy|...|Cy)S1(C1)Gegr ... GeS1(Cy)

Hen) -

block correlation function Effective propagator:
(configurations of particles); G n
H=b for g=1,2, eff(T) ~
H different from b for g>2. Teft

G(r)



Effective Green function

Flow caused by force acting on particles in the area

total force acting on particles in the area

/

V(r) ~ Geg (r) F
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effective Green function
(effective propagator):
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Two approximation schemes

Constructing approximate method by carrying over approximation from
cluster expansion to ring expansion with the following modification:

G — Geg

Clausius-Mossotti — Generalized Clausius-Mossotti

approximation approximation

(two-body hydrodynamic interactions incomplete — the
same as in dy scheme (1983))

One-ring approximation (fully takes into account two-body

hydrodynamic interactions)

Input:

-volume fraction

-two-body correlation function (PY); (three-particle correlation function by two
body correlation function (Kirkwood))

-two-body hydrodynamic interactions
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Sedimentation coefficient
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Inverse of mobility of single particle in suspension H (o)
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Hydrodynamic factor — one ring approximation
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Summary

sLong-range, many-body hydrodynamic interactions and strong interactions of
close particles are important in suspensions

sRing expansion for transport coefficients — can grasp all of three above features

#Two approximation schemes for transport coefficients:
*generalized Clausius-Mossotti approximation (two-body hydrodynamic
interactions not fully taken; comparable to dy scheme),
+*0ne-ring approximation (full two-body hydrodynamic interactions, much better
accuracy than hitherto theoretical methods in comparison to numerical
simulations for volume fraction less than 35%)

#Simple generalization for different suspensions of spherical particles (droplets,

spherical polymers) with different distributions (charged particles)



Powtarzajace struktury 7"
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Operator Clausiusa-Mossottiego

Przyblizenie Clausiusa-Mossottiego: Tg]\z ~ nM

T = T (1= [hGeg) THEN)

Zrenormalizowany operator Clausiusa-Mossottiego

Uogolnione przyblizenie Clausiusa-Mossottiego: T]Z{Tg’M ~nb

T
Metoda przyblizona: w oparciu o przyblizone rownanie na TRCM



Zrenormalizowany operator Clausiusa-Mossottiego

T]i{g’M = ZTJi%TgM,ra
r=0
T (RR) = 3 / dCin (C1) S1(C1; R, RY),
C1

T]i%rg'M,l (R7 Rl)

Z /dCldCQ/d3R1d3R2 [H(Cl|02) —h(Rl,RQ)] X
C1,C2

xn (C1) S1(C1; R, Ry )Gerr (R1, Ry)n (Co) S1(Co; Ra, RY),

Przyblizenie jednopierscieniowe
Conajwyzej jeden pierscien w THa%, ,
Conajwyzej dwuciatowe oddziatywania w Sy

Przyblizenie Kirkwooda na trojciatowg funkcje korelacji:
n (123) =~ n’g (12) g (13) g (23)
Renormalizcja oddziatywan dwuciatowych:

S](IQ)— > BS[(IQ)B T — nB + BTiTTB
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Fig. 6.3: Reduced short-time sedimentation coefficient, K", of neutral hard spheres. Open
circles: Hydrodvnamic force multipole simulation data by Abade et al. [26]. Open Squares:
Lattice-Boltzmann simulation data by Segré et al. [208]. Black dashed line: PA-scheme re-
sult. Dashed-dotted red line: uncorrected 8y-scheme result. Dashed orange line: self-part
corrected 0y-scheme result, with d, [ d, y taken from the PA-scheme. Solid black line: self-part
corrected dy-scheme result, with d,/d; oy according to Eg. (4.26). Solid blue line: second-
order virial result K% =1 - 6.5460 + 21 .913¢3 {166 ], The static structure factor input was
obtained using the analytic Percus-Yevick solution.
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