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Chapter 1

Introduction

The aim of this thesis is to study problems in multi-phase flow and phase separation of
binary fluids using a lattice Boltzmann approach.

For a long time the study of multi-phase flow has attracted much attention. Starting
from early experiments [62] of drop break-up under shear flow, aimed at an understanding of
the processes leading to emulsification, there has been a constant interest in this fascinating
and complicated field. With the rise of computational fluid dynamics (CFD) ways to
simulate two-phase flow were developed [45]. The difficulty of combining the flow of bulk
fluids and the deformation of an interface, however, led to complicated numerical schemes
that rely on tracking a moving mesh through a grid on which the fluid-flow equations are
simulated by a finite difference-method.

Interfaces appear in a much more natural way as self-organized structures in models
that were introduced in the study of phase transitions. The interfaces between different
phases occur as a natural consequence of the minimization of a free energy. These systems,
including the well-known Ising model, do not include hydrodynamics. They can be studied
numerically using Monte Carlo simulations. These simulations lead to a proper equilib-
rium state, but the Monte Carlo method generates an artificial dynamics which cannot be
interpreted as the real time evolution of the system.

The dynamics of such systems can be described by Thermodynamic mean field theories

like the Ginzburg-Landau free energy approach. It can be used to define order parameter
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CHAPTER 1. INTRODUCTION 2

diffusion equations which give the time evolution of a phase ordering process. These models

have found many applications in the study of critical phenomena [18].

Hydrodynamic systems can be studied by the lattice-gas method suggested in the semi-
nal paper by Frisch, Hasslacher and Pomeau [13]. Subsequently, phase-separating lattice-gas
automata have been developed [50] for immiscible fluids. In this approach. however, the

introduction of phase separation is purely empirical.

As an alternative to the lattice-gas approach the lattice Boltzmann method was devel-
oped by statistically averaging the dynamics by analogy with the derivation of the Boltz-
mann equation in kinetic theory[36]. Early lattice Boltzmann methods suffered from the
exclusion principle (i.e., there can be at most one particle at a given site), leading to an
anomalous pre-factor in the Navier Stokes equation that breaks Galilean invariance [14].
Also, in both lattice Boltzmann and lattice-gas models, the viscosity is determined by the
choice of collision rules for the lattice gas. This constraint was removed in the linearized
lattice Boltzmann model first introduced by Higuera and co-workers [24, 25, 26], where it
was observed that the collision operator can be linearized around a local equilibrium, and
need not correspond to the detailed choice of collision rules of the lattice gas automata, pro-
vided it conserves mass and momentum. A further simplification was introduced by Qian,
d’Humiéres and Lallemand [44] who proposed using the Bhatnagar-Gross-Krook (BGK)
approximation for the collision term in the lattice Boltzmann method. This approxima-
tion writes the collision operator as a function of the difference between the value of the
distribution function and the equilibrium distribution function. A first model for miscible

binary flow using the BGK approach was proposed by Flekkgy [12].

Since then the subject has grown in many directions. A pedagogical introduction is given
in the book by Rothman [52]. A recent review article by Chen and Doolen [7] describes

new developments of the lattice Boltzmann method.

Swift, et al. [57, 58] combined the BGK lattice Boltzmann method for an ideal gas
with the thermodynamic theory for a non-ideal gas, giving a thermodynamically consistent

scheme that includes hydrodynamics. Since all the thermodynamic quantities entering the
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scheme are derived from a free energy, the method is often referred to as the free energy

approach to lattice Boltzmann simulations. We use this terminology throughout the thesis.

The original scheme was introduced for a one-component Van der Waals gas [57]. Or-
landini et al. [41] extended this scheme for binary fluids. We will review the free energy

lattice Boltzmann scheme for binary mixtures in the next chapter.

In this thesis we use the free energy lattice Boltzmann scheme to study the physics
of two-dimensional binary fluids. One problem that has received a lot of attention re-
cently is the scaling behaviour of the domain coarsening of two-dimensional binary mix-
tures that undergo spinodal decomposition [35, 42, 67]. In the study of critical phenomena
it has been discovered that many different systems have similar properties. Hohenberg and
Halperin [27] distinguished a number of different universality classes, including a universal-
ity class for systems with conserved order parameter (model B) and systems that have and
additional hydrodynamic degree of freedom (model H). It was suggested that the dynamics
of phase ordering would be a scale invariant process that are universal for each class. But
we find, in contradiction to all previous publications [35, 42], that the popular scaling hy-
pothesis for spinodal decomposition of binary mixtures with hydrodynamics does not hold

for two-dimensional systems. These results are discussed in Chapters 3 and 4.

In Chapter 5 we show for the first time how Lees-Edwards’ boundary conditions [33] for
shear flow can be implemented for lattice Boltzmann methods. The introduction of these
boundary conditions requires major changes in the definition of the algorithm. We also
introduce new measures for the orientation and its defining two orthogonal length scales
for the decomposition patterns in a sheared system. We point out the differences between
sheared spinodal decomposition in systems with and without internal hydrodynamics. We
also describe and explain an instability of the striped patterns which often form in sheared

systems undergoing spinodal decomposition.

It is well known that binary mixtures can be homogenized if a strong shear is applied.
In Chapter 6 we describe the fate of a single drop in shear flow and show that both break-

up and dissolving can be simulated with the free energy lattice Boltzmann method for
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binary mixtures. We describe a new mechanism for the dissolving of drops that we call
tip-streaming. A similar phenomenon has been observed experimentally [56, and references
therein] but it was interpreted as a surfactant-induced phenomenon. Here we provide the
first evidence for tip-streaming in a two-component system.

The last chapter addresses some of the theoretical foundations of the lattice Boltzmann
method. Ever since the lattice Boltzmann method was developed there has been speculation
about the existence of an H-theorem analogous to that for the Boltzmann equation. The
proof of the H-theorem for the Boltzmann equation, however, relies on detailed balance,
which is absent in the lattice Boltzmann method. We have been able to prove under which
circumstances a BGK lattice Boltzmann method does obey an H-Theorem and show that

conventional lattice Boltzmann approaches do not obey these conditions.



Chapter 2

The free energy approach for the

lattice Boltzmann method

The free energy approach for the Lattice Boltzmann method was introduced in 1995 by
Swift, et al. [57, 58] for non-ideal one component systems and extended for binary mixtures
by Orlandini, et al. [41] in the same year. We review the justification of the method

described in these papers and add some new insights to the results presented there.

2.1 Bhatnagar-Gross-Krook lattice Boltzmann

The starting point for lattice Boltzmann simulations is the evolution equation, discrete in
space and time, for a set of distribution functions f; associated with a velocity vector v;. For
the sake of simplicity we consider a single relaxation time, the so-called BGK approximation

[2, 44]. The evolution equation for the {f;} is
At o
fi(X+ViAt7t+At) —fi(X,t) = —’;_—(fz _fi)’ (21)
1

where x is a lattice point, At is the time step, and viAt is normally constrained to be a
lattice vector. The single relaxation time is 7, and f? is the equilibrium distribution. For
a two-component system a second, equivalent equation is also needed:

At
gi(X + v; At t+ At) — gz‘(X,t) = —;(g? — gi)- (22)
2

ot
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Physical quantities are defined as moments of the distribution functions. For our isothermal

model for flow of a binary mixture of components A and B we choose

Sfio = m, (2.3)
Zfivi = nu, (2.4)

where n is the total density field, u is the velocity field and ¢ is the field corresponding
to the difference in the density of A and B components. The physics inherent in the
simulation depends on the choice of the equilibrium distributions {f°} and {¢°}. Usually
the equilibrium distributions at a lattice point will depend through the local macroscopic
quantities n,u and ¢ and their derivatives in a non linear way on the f; and g; at this lattice
point and its neighbours. Therefore equations (2.1) and (2.2) are highly non-linear.

We want to impose mass conservation for both components and momentum conservation

for the bulk. This is equivalent to the following constraints on the equilibrium distributions

SUE-f)=0 = Y ff=n, (2.6)

1

(g —g)=0 = ) g'=¢, (2.7)
Z(f:) -— f,')Vi =0 = Zf?V, = nu. (28)

The Navier-Stokes equations usually used for examining fluid flow are an approximation
to second-order in the derivatives [31]. Higher order approximations (e.g., the Burnett
equations) do not obviously add to the description. The continuous partial differential
equations that govern the evolution of the lattice Boltzmann fluid are obtained by a Taylor
expansion of the evolution equations. Guided by the example of the Navier-Stokes equation
we will perform this expansion to second order in the derivatives.

Assuming that a continuum version of the fields f;(x) and g;(x) can be expressed as a

Taylor series we expand equation (2.1) as

>4

k=1

At

71

t)* ok 0
! (0 + viaOa)" fi = (fi = i) (2.9)

k
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where Greek indices are spatial coordinates and the summation convention over repeated

Greek indices is implied. Retaining only terms up to second order in the derivatives gives

At

(At)(at+v,-aaa)f,-+(A;)2(at+viaaa)2fz-+0(83)=—Tl—(fi £, (210

We want to express this equation in terms of the equilibrium distribution f2. Since we are
only interested in terms up to second order in the derivatives we need to expand f; to first
order in the derivatives of the equilibrium distribution. Using equation (2.10) to express f;

in terms of f? and its derivatives and iterating once gives
fi= 12 = 11(0 + via0a) f{ + O(0?). (2.11)

Substituting this result into equation (2.10) gives a second order differential equation for

the equilibrium distribution:
1
—(f0 = £) = (04 via0a) f; — w1(0s + via0a)" 7 + O(8°) (2.12)

and equivalently for the g;

1
;(9? ~ 6:) = (0 + via0a) g} — wa(0; + via0a)’g} + O(8°), (2.13)
where
At
Wiz = T2 = o (2.14)

To obtain the partial differential equations governing the evolution of the macroscopic
quantities we sum over the conserved moments defined in equations (2.6), (2.7) and (2.8).
We again neglect terms with higher than second order derivatives. First summing equation

(2.12) and using equation (2.6) for conservation of the total mass we obtain
0 = O + Junuy — wy (&(&n + Oqny) + 0(Oinug + Oy fo’v,-av,-ﬁ)> + 0(8). (2.15)

We see that the term 9:n + J,nu, 1s of second order in the derivatives. Its derivatives can

therefore be ignored and the equation simplifies to

0 = Oin + Dot — w10p(Fenug + 0s Y fviavig) + O(9°). (2.16)
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Now summing equation (2.12) times an extra factor of v; and using the equation of mo-

mentum conservation (2.8) we obtain, using similar arguments,
0= Omug + 05 [Pviavis — w1058, Y fvialiy + 83 Y [PviaVigviy) + O0(8°).  (2.17)

Equation (2.17) shows that the second term in equation (2.16) is of third order in the
derivatives. Hence, equation (2.16) gives the continuity equation to second order in the

derivatives

0 = 9in + B nug + O(8%). (2.18)

Summing over equation (2.13) and using (2.7) we obtain similarly
0= at(p + 0, Zg?via — wzag(at Z Givig + Oa Zg?viav,-ﬁ) -+ 0(83) (219)

These are general equations for any two-component lattice Boltzmann scheme with mass
and momentum conservation. In order to proceed further we need to define higher-order
moments of the equilibrium densities. The choice within the free energy lattice Boltzmann

scheme for these moments is

Z fz-ov,-av,-g = Pa,@ + nusug, (220)
Z g?via = PUq, (221)
- Y gPviavis = Tpbap + puaug, (2.22)

where P,z is the pressure tensor, I' a mobility parameter, u is the chemical potential for the
density difference and ¢ is the Kronecker delta. The physical motivation of these constraints
arises from a consideration of the thermodynamics of a binary mixture and is discussed in

more detail in the next section.

Using (2.20) to (2.22) we can now evaluate the macroscopic equations further. For

equation (2.19)

0 = 0Oip+ Oalpua) — w2dp(de(wup) + 0a(Tpdap + puaus)) + 0(3°)
= O + Oalptta) — wa(TV 1 + 0p((0ep + Bal(ipa))up)

+@(Bsua + uaOaug)) + O(5°). (2.23)
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The term 9y + 9a(pua) is second order in the derivatives and can be dropped where its

derivative is taken. The term Ostiq + UaOxus can be rewritten with the help of equation

(2.17):
0(9*) = 0Oy(nu,)+ 93 Z fPvivis
= (Om)us + nat‘llta + 03P,5 + ds(nug)ug + nugdatg. (2.24)
Using the continuity equation (2.18) gives
Ostty + updpus = —%nga,a + O(9?). (2.25)

Substituting this result into (2.23) we arrive at the convection diffusion equation governing

the evolution of the density difference
By + Bal i) = wr (rvw 9 (%aapaﬂ)) | (2.26)

This is a drift-diffusion equation with a diffusion constant ['ws. There is an additional term
in the derivatives of the pressure tensor. A similar' term has been used in a phenomeno-
logical model to describe flow-induced diffusion [10].

The momentum conservation equation (2.17) can be written as
0 = Oynu, + 83(Pag + nugug) — wy04(0; Z 00y + 0 Z flviaviguiy) + O(8°). (2.27)
Using the same analysis that led to equation (2.25) gives
ndug + nugdpus = —0Pap + w10,(0; Z Fviaviy + Op Z [Pviauigviy) + O(8°).  (2.28)

The three-velocity moment cannot be evaluated without further knowledge of the equilib-
rium distribution. In order to derive the compressible Navier Stokes equation we would like
to impose

Z fioviavz',@vi'y - Pa,fj’u'y + Po;'yuﬁ + P,Bvua + NULURU, (229)

but this is not possible for a nine-velocity model that we are using. The recovery of the

compressible Navier-Stokes equation which is achieved by (2.29) is described in Appendix

IThe term used was 8p€0y Pos. In this approach £ was treated as a constant [10].
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A. For the nine-velocity model (see Figure 2.4) the best possible choice is
n
Z 7 viavigviq = g(uoﬁm + Ugday + Uydap)- (2.30)

We will now show how the viscoéity terms can be calculated in analogy to the derivation
of terms for the fully compressible Navier-Stokes equation presented in Appendix A. We
present this calculation in detail because it differs from the calculations in [58]. Terms that
vanish in the calculation for the compressible case are underlined and contracted to give

the correction terms. With equation (2.30) we get for the viscosity terms

O Y fviavip + 04 Y fviavigviy
T

= O Pag + nuqug) + aw(géaﬁuv + §5Muﬁ + g‘éﬁw“a) + 0(9?%)

= OnPopOin + Oy(nuy)ug + nu,drug
+ (a.,g-saﬁ) ty + SbapBt + (aqgam) Up + 3 bandits + (aw’glaﬁ.,) e+ 03D

+0(9?)

1
= —0,P,p0,(nuy) — 0y(Pay + nuauq)uﬁ—nua;&yPﬁ,y — NULUZOy U,

n n n n LN
+ (On3600) @rns + buaDi + (O s + hnduat (8,500 we

+585,05tta + O(8)

= —0nPop0y(nu,)—0yPayug — Oy(nuatty)ug — nuaupsd,u,

+ (angaaﬁ) Byt + ~bagDytiyt (aqg-am) s + Zbandytis +

n
3
= 0, Pag(Byn)ty — O Pagndyuy + angaaﬁ(aqn)uq,

0y Oytia + Oy (g‘sﬂv - Pﬁ'v) ue + 0(0%)

+§'5aﬁavu'y + §5avawuﬁ + g"sﬁ'vayua + 0y (%%w - Pﬁw) Uo + Oy (§5aw - Pa’y) ug
— 8, (nuqugu,) + O(8?)
- (gaaﬁ _ nanpaﬁ) Bty + oyt + =65,
+9, (gaﬁq - Pﬁ.,) vo + 0, (-g-am _ PM> ws + 0, (g-aaﬂ - Paﬂ) w0
— 0, (nuaugu,) + 0(0%). (2.31)

We see that, except for the 0,(nusuguy) term, we recover the compressible Navier Stokes
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equations if we choose P,3 = 3045 (i-e., if the equation of state for the bulk fluid is that for
an ideal gas at temperature T = 1/3). In the incompressible limit with constant density

and pressure we recover the incompressible Navier Stokes equations for a non-ideal system

nwy D (50,,3 — 30, P,

ndiuta+nuglpus = —0pPap+ 3 O D ﬁ&w, + Oxup + 8/311.0) +0(8%) (2.32)

where the viscosity is given by v = nw; D /3 where D is the number of spatial dimensions.

\This is, so far, a general framework for the two-component free energy lattice Boltzmann
method. The properties of the two components and the miscibility are determined by two
quantities: the pressure tensor P,3 and the chemical potential y. In the next section we

describe how these two quantities can be derived from a free energy functional.

2.2 Thermodynamics of a binary mixture

The free energy approach to lattice Boltzmann models simulates non-equilibrium systems
and relies on the assumption that the system can still locally be described by equilibrium
thermodynamic fields. The thermodynamic fields entering the simulation are the pressure
tensor and the chemical potential. They can be derived from the free energy of a system.
This makes the method a rather general tool to study the dynamics of systems with a given
free energy. The approach has been used for a Van der Waals gas [57, 58] and a binary
mixture [41]. The binary mixture model has been extended to include negative surface
tension and, hence, simulate lamellar phases. It would be interesting to consider other
systems like polymers by using a Flory-Huggins free energy.

We consider the free energy for a simple binary fluid comprising two components A
and B, where each of the components is an ideal gas. A-A and B-B interactions are zero,
but there is an A-B repulsion A\nsnp where ny and npg are the number densities of A-

and 'B—pa,rticles, respectively. This system can be described by the Landau free energy

functional
K 5.
¥ = [dr(lp,n,T) + 5 (Vo)) (2.33)

where T is the temperature, n = ng+np, ¢ = ny —np (as defined in the previous section)
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and x is a measure for the interface free energy (surface tension). The free energy density

of the homogeneous system is [47]

2
Plp.n.T) = 54’1(1—5-”—)—%

. T ) — O
+7];—(n +o)in (n + ‘P) + 7(n —¢)In (n 5 Y) . (2.34)

-

]

From the free energy (2.33) we derive the local chemical potential 1 as the functional

derivative of the total free energy ¥ with respect to the concentration difference field ¢(x)

o

() = e
#(x) dp(x)
= 2o T (rEe) v (2.35)
2n 2 n—

The derivation of the pressure tensor is slightly more involved and is discussed in Appendix

B. We obtain

. 1, ;
Pog = (n0nt + @0py — ¥)dap + £(Ouaplsp — 507‘/96'7995@@ — @0y0yp)

1
= (nT + ¢p’(2))dap + £(OapBpp — 50y00ypdap — Dy0y¢)

1
= (T + ¢p(2))0ap + £(0up0sp — 50yPOypdap) (2.36)

where the first term is the ideal gas pressure, the second term is the osmotic pressure with
p® = Ogtp and the third term is related to the surface tension as discussed below. The
osmotic pressure was omitted in the original definition of the model [41, 58].

The bulk free energy of equation (2.34) is shown in Figure 2.1. For different temperatures
the free energy has a transition from a form with only one minimum at ¢ = 0 to a form
with two minima. At the transition temperature, which is the critical temperature T, for

this system, the second derivative of the free energy vanishes. For the second derivative

nT
0 = 0%¢|p=oT=T, = —— + : 2.37
oHloo 2n " (n—op)(n+¢)|,orr (2:37)
Hence, the critical temperature is given by
A
T, = 5 (2.38)
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to be constant
(1) = plpz). (2.41)

These conditions can only be fulfilled for £ = 0. The equilibrium values for the order
parameter at coexistence are therefore given by the negative and positive solutions of the

equation

0= u(p, T). (2.42)

The coexistence curve that plots the coexistence order parameter against the temperature
1s shown in Figure 2.2.

The system is unstable against all fluctuations in the region where D(ip) is negative.
Outside this region, but inside the coexistence curve, a homogeneous system is meta-stable
and a finite fluctuation is needed to nucleate a phase ordering domain. The border of this
region is given by d,u(p) = 0. It is called the spinodal line and is indicated by a dashed
line in Figure 2.2.

The phase ordering process by which a homogeneous system phase separates inside
the spinodal line is called spinodal decomposition. The properties of this process depend
strongly on the average value of the order parameter . Some examples of spinodal decom-
position for T' = 0.97, for different order parameter are shown in Figure 2.2. We see that
there is an important difference between critical ¢,, = 0 and off-critical ¢4, # 0 spinodal
decomposition. For off-critical spinodal decomposition a phase of droplets of the minority
phase forms. For the critical spinodal decomposition both phases are equivalent? and nei-
ther will preferably form a droplet phase. Critical spinodal decomposition is discussed in
detail in Chapter 3 where we also discuss the effects of the hydrodynamic degree of freedom.

Up to now we have neglected the surface free energy term. The surface free energy term
prevents sharp interfaces and introduces surface tension. The theoretical interface profile

is determined by the condition that the chemical potential is zero

A T (n—i—go

K
0= ILL(X) = ——:72'-7—;50 + '—2' 111 — ()0) — §aaaa99. (243)

2This is no longer true, if the two phases have different physical properties. Recent simulations show
that if say the A-rich phase has a higher viscosity the B-rich phase will form a droplets surrounded by the

higher viscosity A-rich phase.
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T/T,

Gime=1000 2 i Ume=32000

Figure 2.2: The top figure is the coexistence curve for the free energy of equation 2.34 for binary system.

The dashed line indicates the spinodal line. Inside the area enclosed by the spinodal line a homogeneous

system is unstable. Outside this region a finite perturbation is needed to seed a nucleation. The dotted

line is at the temperature at which all simulations in this thesis were performed. The arrows indicate the

positions in the phase diagram at which the spinodal decompositions in the bottom figure were performed.
(See text for more detail.)
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a) b)
— - 0.1
¢ ! o
0.08
0.5}
0.06
0
0.04%
-0.5 0.02}
-1 3 ° 0 0.05 0.1 0.15 0.2
0 5 10 15 <20 K'

Figure 2.3: Graph a) shows the theoretical interface profile (—)and the simulation results for a flat interface

for « = 0.2 (©) and k = 0.02 (A). Graph b) shows the theoretical values for the surface tension (—),

the value for the summation of the squares of the discrete derivatives (<) and the value calculated from
Laplace’s law (A).(See text for more detail.)

In Figure 2.3 a) the numerical solution of this expression is compared to the simulation
results for two different values of the surface free energy parameter kappa.

The surface tension for an interface orthogonal to the z-direction is [53, 4]

© [Jyp 2
—_ — d . .
o n/~oo (az) 2 (2.44)
We can rewrite equation (2.43) as
T, _ 1+¢
- —_2-——- l ———— — 1 ! D .
0 TP+ n(l_(?) Oot Ot P (2.45)

where ¢ = ¢/n and 2’ = /(kn)/T. We then calculate

A o (9z)”
7 (T') =K /_ ] (55) dz’ (2.46)

and get for the surface tension

| A\ [&T
ag(k,n,T,A) = 09 (T) % (2.47)

The surface tension can also be determined in simulations from Laplace’s law. Laplace’s
law states that the surface tension is given by the radius of a drop R and the pressure

difference AP between the inside and the outside of the drop as

o= RAP. (:

E\)
e
(0/8)
S
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We performed simulations with a drop of radius 20 for different values of x. The results
are shown in Figure 2.3 b). We see that there is a good agreement for wide interfaces that

stretch over many lattice points. but some accuracy is lost for thin interfaces.

2.3 Summary of the model

We will now collect all the ingredients for the free energy lattice Boltzmann method for
a binary mixture and define an explicit scheme. The evolution equations for the two-

component lattice Boltzmann scheme are

file+vidt b+ A = filx 1) = SH(f0 - f) (249)

g~ go). (2.50)

T2

gi(x + v;At, t + At) — g;(x,1)

i

The moments of the equilibrium distributions obey the equations

Zf? =n, Zf?v,- = nu, Zf?viavm = Pup + nuqug,
n
Z fioviaviﬁvi'v = g(ua‘sﬁﬂ/ + ugday + Uqybap),
DG =P Y GiVia= PUay Y G ViaVig = Dpbap + Quaug (2.51)
i i i
where n is the total density, u is the fluid velocity, ¢ = ns4 — np is the density difference

of the two components of the binary mixture and I' is a mobility. The chemical potential

¢ and the thermodynamic pressure tensor P,z are given by

A T
px) = A T (: f Z:) — kV?p, (2.52)

1
Pop = (nT + ¢p°(z))dap + #(0apOpp — 50490 Pdap — 0, 0yp0ap).  (2.53)

In this thesis, as in the original model, we neglect the osmotic pressure term ou®(z).
In the original model that satisfies these equations [41, 58] the equilibrium distributions
are given as an expansion in the velocities. We use a nine-velocity model where the velocities

V{o...9} are defined in Figure 2.4. For this model we define [40]

fzo = Aa + Bauavia + Cau2 + Dauauﬂviaviﬁ + Gaaﬁviaviﬁ’v (254)

2 = Hy + Kyugvig + Jou? + QotaUgvinvis, (2.55)
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O (6] O
Ax= let

Figure 2.4: Our numbering of the velocity vectors in a nine-velocity model.
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where ¢ = v? € {0,1,2} is an index to distinguish the coefficients for the densities for

different absolute values of the velocities.

A choice of these coeflicients that ensures that the equilibrium distribution satisfies the

constraints (2.53)

1
é‘PO("w%v?kP), A; =2A,, Ao =n~—124,,
%7 B, = 4B23
n 3n
__1—67 Cl == 202) CO = _T,
187:’ -Dl - 4D23
K 5 9 K
_1—6((8&‘99) - (ay‘P) )7 G2:z:y = GZyx - gachaycp, G?yy =

4G2$a:7 Glxy = Gly:z: = 4G2:z:y7 Glyy = 4G2yy7

I
‘g#(nasﬂ,v2¢)a Hy =2H,, Ho= ¢ —12H,,

?B,, K, =%B,

n 2

0o h=201, Jo=20,,
n n n
ED% Ql = iDl

n n

"G2xz7

(2.56)
(2.57)
(2.58)
(2.59)
(2.60)
(2.61)
(2.62)
(2.63)
(2.64)

(2.65)

To implement Lees-Edwards boundary conditions for the free energy lattice Boltzmann

scheme we shall introduce a different equilibrium distribution in Chapter 5.

The differential equations simulated by the lattice Boltzmann method are to second
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order in the derivatives and assuming incompressibility or 7' = 1/3, the continuity equation
0 = Oin + Oanuq, (2.66)

the Navier Stokes equations

nwy D

3 (9((8ap — 305 Pag)Oyuy + Osup + Ostn)  (2.67)

ndity + nugdpt, = —0Psp +
and the drift diffusion equation for the density difference
O+ Oulpua) = TV = 85 (£0.Pup) ). (2.68)

where

At
Wip = T2~ 5 (2.69)

This now completely defines the numerical scheme used for the simulations in the following

chapters.
This algorithm can be easily encoded into a numeric scheme. A sketch of a Lattice

Boltzmann program for a two-dimensional nine velocity model in C is presented in Appendix

C.



Chapter 3

Scaling of domain coarsening after

spinodal decomposition

3.1 Introduction

The theory of phase-ordering kinetics or “domain coarsening” following a temperature
quench from a homogeneous phase into a two-phase region has a history going back more
than three decades to the pioneering work of Lifshitz and Slyozov [34] and Wagner [65].
Since that time, many excellent reviews have appeared, including those by Gunton et al.
[18], Binder [3], and Bray [4]. In this work it has been established that for many different
phase separating systems the domain patterns look statistically similar to those at ear-
lier times, apart from a global change of scale. An example of this are binary mixtures
without hydrodynamics and Figure 3.5 shows an example of such a scale invariant domain
coarsening process. The assumption that a system obeys this scale invariance is called the
“dynamic scaling hypothesis” which will be formalized below.

Among the systems for which dynamic scaling hypothesis has been made are two-
dimensional binary mixtures with hydrodynamic interactions. There was some experimental
[20], theoretical [4] and numerical [8, 42, 35] evidence that this was indeed the case. Pre-
vious numerical and theoretical papers have predicted different scaling regimes. For early

times and high viscosities a scaling regime with L ~ ¢7 has been observed [42], whereas

20
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for late times or lower viscosities most numerical work agrees on seeing a L ~ ¢5 scaling
law {16, 42, 35]. They use R;[41], the similar first zero of the correlation function [35], and
both R° and R, [16] as measures of the scaling length of the system.

All of the methods used by the authors above rely on structure functions, correlation
functions or dimensional analysis, but no direct observation of real space structures. In
this chapter we show that direct observation of the coarsening of the domain structure for
two-dimensional binary mixtures with hydrodynamics suggests that the dynamic scaling
hypothesis does not hold for this system. We develop a measure that is able to capture the
perceived breakdown of scaling and give a descriptive explanation of why the coarsening
mechanism is not scale invariant. We also describe a new coarsening mechanism where the

effect of hydrodynamic coarsening is limited by capillary waves.

3.2 Methods for testing scaling behaviour

We commence by summarizing the ideas of dynamic scaling. Then we introduce a number
of different length scales and test their scaling behaviour for two simple test cases. In a
case of trivial scaling all the length scales display the scaling. In the more usual case where
there are constant length scales like the interface width some of these length scales will not
show scaling. In some special cases (see 3.2.2) the dependence of these length scales on
the static length can be analysed and a length scale that displays the scaling law can be
derived. For binary mixtures, as for most other systems, the interface width is constant
during the evolution. We find that scaling does not always hold in hydrodynamic spinodal
decomposition of binary mixtures in two dimensions. We explain why dynamic scaling does
not exist in these systems.

The dvnamic scaling hypothesis states that a phase ordering system obeys dynamic
scaling if it evolves through statistically equivalent states except for a change in length

scale R(t). Furthermore, the growth law is often a power-law

R(t) ~ (t — to)° (3.1)
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where o is the growth exponent and t, is a zero time that does not have to coincide with the
start of the simulation or experiment and can be used as a fitting parameter. In practice
we demand that the simulation time interval is much larger than to to ensure that fitting
results are meaningful. In systems which show power-law scaling a and time-independent
shape functions like ¢ are universal features of the growth kinetics.

A length scale is a quantity which has the dimensions of a length and which is indepen-
dent of the size of the system. In a system which obeys dynamic scaling all length scales
should obey the same scaling law. Often in experimental and numerical work [42] just one
length scale is measured to extract a value for the exponent a and the scaling hypothesis is
assumed. More careful analysis [35] checks the scaling properties of the structure function
or the correlation function. If, however, any two length scales do not obey the same growth
law, the system is not strictly scaling invariant.

During the domain growth process the interface width is constant. Therefore, all mea-
sures that involve this length scale will show a different scaling than would be expected
from dimensional analysis and care must be taken to appreciate this point when interpret-
ing the data. We will see, however, that even dynamic length have a different growth law

for hydrodynamic spinodal decomposition in two dimensions.

3.2.1 Definition of length scales

We will now define some widely used and some less obvious length scales and demonstrate
the points made above. Perhaps the most commonly measured length scale is derived from
the first moment [55, 49] of the radially averaged structure function. Length scales which
give more information about the fine structure of the domains can also be derived from
higher-order moments.

These are based on an analysis with Fourier transforms. But in computer simulations
and in some directly observed systems the real space variables are available. Therefore,
it makes sense to also use more direct measures of the length scales. One direct space

measure that has been used [16, 37] is related to the length of the interface. A second
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possibility can be derived from the total number of domains in the system. This, as far as

we are aware, has not been used before because of the technical difficulty of obtaining this

non-local variable.

We will now give detailed definitions of the measures of length which will be calculated

i the simulations.

1.

N

Moments of the radially averaged structure factor.

The structure factor corresponding to the order parameter ¢ is [49]

s(k,t) = <NZe’kx Xt)!> (3.2)

where in two dimensions k = 2w (z/L,i, + y/L,i,) for a lattice with dimensions L,

and L, and i, and %, unit vectors in = and y directions. The circularly-averaged

structure factor is

t
S(k, 1) = 2RI (3.3)
2kl
with & = 27n/Lmin ,n € {0,..., Lnin} and Ly, is the minimum of L, L,. The sum

2_i is over an annulus defined by n — 1/2 < |k|Lpmin/(27) < n + 1/2. Length scales

can easily be defined from the moments of the structure factor

2y kP S(k, t)
Zk (k)t)

We consider all possible combinations of the first three moments that give a length

ko ()P = (3.4)

scale:

R~ onfky B ~onfki B ~2nkifky RS~ 2m/kS

R® ~ 2n(ki/ks)? RS ~2nk/ks R™ ~ 2mky/ks. (3.5)

A real space expression for R®
For the measure Rs a special mathematical simplification applies. If Rs is defined

with the proper periodicity of the discrete Fourier transform, one can show that

2 kS )
ZkaSln ) ( )S(k)
Yok (X, .
T p) P (x.1) (3.6)

R’ ~ R
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where 9P denotes the symmetric discrete partial derivative in direction alpha. It 1s

easy to see equation (3.6) using

Z-D ,-D )
= —2: (X +ia) = o(x — 1)) (@(x + i5) — p(x — ig))

_ _ZZ( ik(x+ia) k(x—ia)> q,)(k)Z (eik’(x+i,3) . eik’(x—i,g)) qb(k')

kl
_ 1 ka _ —ka\ (Ky _ -k / i(k+k')x
= 4;;(6 e )(eﬁ e ﬁ)¢(k)¢(k)zx:e
= =Y sin(k.)sin(kg)d(k)o(k)d(k + k')
k k'
= Zsm )sin(kg) |o(k)|?, (3.7)
where ¢(k) is the Fourier transform of ¢(x). Therefore, Rs can be evaluated simply

by adding real space derivatives. This makes it faster to evaluate and also useful for

non-periodic lattices.

3. Length of interface

The length of the interface between the domains L; provides another length scale:

L.L,

() = Li(t)

(3.8)

Number of domains
The total number of domains N scales with the system size and, therefore, gives a

further measure of length in real space:

(3.9)

3.2.2 Tests for the length scales

We have a large number of possible measures for length scales. In this section we test their

behaviour on two simple series of test patterns. Both series consist of rectangular pattern

of o = 1 in a surrounding of ¢ = —1 connected by a linear interface profile. In the first

series the interface is scaled with the rectangular pattern (see Figure 3.1). but it is kept
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Figure 3.3: Same graph as Figure 3.2 but showing only R°, R¥ and R; and also RZ and R*.

constant in the second pattern (see Figure 3.2). This allows us to estimate how sensitive
these measures are to static length. All length scales give the same slope for the pattern
without static length scales. This result is shown in Figure 3.1. For the pattern with a static
length the results are shown in Figure 3.2. Only three length scales measure the dynamic
length scale correctly. They are R!, R° and R¥. Even for a very large ioattern, when one
might expect the interface width to become unimportant, the slope of the different length

scales does not converge to the slope corresponding to the relevant length scale.

In order to understand why a static length contributes to length scales derived from
the higher moments of the structure factor, even if it is very much smaller than the large
length scale we are interested in, we will consider R® in detail. The advantage of R® lies in
the fact that it corresponds to v/R* which has a real space representation. R* is defined
in equation (3.6) in terms of a sum over the derivatives of the order parameter. Therefore,
the only contributions come from the interface. It is clear then that the tensor should scale
as the interface length. The second factor to give the dimension of a (length scale)? for R*
has to be the width of the interface. If we plot not R® but R°” we see in Figure 3.3 that the
graphs now scale with the dynamic length. If we were to examine the different powers of

the interface width contained in the other length scales R,, we could collapse all the scaling

graphs of Figure 3.2 onto one line.
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3.3. Testing the scaling behaviour

It is important to notice that the measures R° and R¥ are by construction insensitive
to the behaviour of the interface width. Length scales that we use to measure the dynamic

length in our problem are R°,R¥ R, and R*.

3.3 Testing the scaling behaviour

We now examine the growth behaviour of spinodal decomposition for a binary mixture
in two dimensions using the free energy lattice Boltzmann approach discussed in the last
chapter. We use Ry, R°, and R* to measure the dynamic length scale and show real space
pictures to illustrate our findings. We show that the numerical data are consistent with a,
R ~t5 scaling law in the limit of an infinite viscosity. Numerical evidence shows, however,
that the widely reported scaling law for spinodal decomposition in two dimensions R ~ t3
1s not exact. While the frequently examined measures of the length scale R, and also the
length scale R° show exactly this scaling law the length scale that is derived from the
number of domains R¥ follows a different growth law. This is due to the fact that the
hydrodynamic effects which lead to an acceleration of the growth of R° ~ t5 do not affect
the merging of domains in the same way. We will also show that within the region where
R®° ~ R, ~ t5 there exists a transition in the structure of the spinodal pattern for small
viscosities where capillary waves are enhanced by the self-induced flow. All simulations are
done with initial conditions u = 0, n = 2 and ¢ = 0.02¢ where ¢ is a uniformly distributed
random number in the interval between —1 and 1.

In Figure 3.4 we show the scaling behaviour of a system with extremely high viscosity so
that hydrodynamics becomes unimportant. Therefore, the system now resembles a model
B system in the language of critical phenomena. The measures of length R; and R° show
very clearly a 1% growth law. The R* measure also shows a clear R* ~ tz behaviour
for small times, but for late times the statistic becomes poor with only eight white and
four black domains left for t=48588. The picture is thus consistent with the usual scaling
hypothesis with R ~ t3 for a model B system. In Figure 3.5 the real space pattern of this

system is shown. The coarsening of domains can clearly be seen. To illustrate the scaling
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Figure 3.4: Scaling graph for 256x256 system for length scales R; (¢), R° (A) and R¥ (x). Parameters are
I =2, k=0.002, 7y = 400,7¢ = 1.

hypothesis we have shown details of the contour plots enlarged by a factor of (Zepq /t)% in

Figure 3.6. The pictures show statistically equivalent patterns, indicating the structure of

the universal scaling state.

For intermediate viscosities, which we take to be viscosities that are small enough to
allow for the development of flow, but é,lso large enough to damp out capillary waves,
we observe the well-known growth law with exponent 2 for the length scales R; and R°.
The growth law for R¥, however, crosses over to R* ~ t3. The scaling graphs are shown
in Figure 3.7. This means that the number of domains decreases slower than it would
if the system was in a scaling state. This is seen in the scaled details shown in Figure
3.9 for the time evolution of a system with medium viscosity. The number of domains
increases in time and the structure does not correspond to a scaling state. The physical
reason for this lies in the fact that in two dimensions a spinodal decomposition structure
cannot be bi-continuous for topological reasons. Therefore, a large number of domains exist
that can deform by a surface tension driven flow. We observe that the induced flow does
not increase the growth exponent for R* and, therefore, the coalescence rate of domains.
While the interface curvature of the domains is rapidly decreased with the help of the flow

the number of domains increases not much faster than without the flow. This leads to



3.3. Testing the scaling behaviour

time=21595 time=48588

Figure 3.5: Real space picture for the evolution of a 256x256 system with parameters I' = 2, k = 0.002,
7y =400 and 74 = 1.

29
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time=843 X66 Y64
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time=4266 X112 Y112

time=21595 X194 Y192 time=48588 X256 Y254

Figure 3.6: Real space picture for the system shown in Figure 3.5 where only a cut-out region with length
of the side given by L = 256(t /tend)% is shown. We see that the evolution is consistent with scaling.
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Figure 3.7: Scaling graph for 256x256 system for length scales R; (o), R° (A) and R¥ (). Parameters are
I'=2,k=0.002, 77 =1and rqy = 1.

an increasing number of isolated circular domains within larger domains. These isolated

circular domains can now only change by diffusion or by coalescence. For both of these

mechanisms a growth law of R ~ t5 has been predicted and observed.

Therefore, we observe a change in the structure of the spinodal decomposition pattern
towards a structure that consists of large, deformed domains that give the largest length
in the system Rjq. and a growing hierarchy of domains within domains contained therein
on smaller length scales. The smaller the domains the more circular they become and the
gradients of the flow field that could enhance the coalescence process in this region vanish
since the surface tension cannot drive local flow in this region anymore. The vanishing of
the circular domains, therefore, has to be a slower process than the creation of circular
domains on larger length scales via the hydrodynamic mechanism. As a result, the depth

of the hierarchy of circular domains within circular domains has to increase with time as

the evolution progresses.

The structural change in the system is not heralded by a change in the growth law for
the measures of length scale R; and R°. That is probably the reason why this phenomenon
has, to the best of m}‘/ knowledge, not been described before and scaling has been assumed

[42]. The reason lies in the fact that R; has been constructed only to measure the largest
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y N
time=9598 time=14397

Figure 3.8: Real space picture for the evolution of a 256x256 system with parameters I' = 2, k = 0.002,
7 =1 and 74 = 1.
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time=1264 X100 Y100 time=2844 X172 Y172

time=4266 X226 Y226

time=9598 X390 Y388

t1me-14397 X512 Y510

Figure 3.9: Real space picture for the system shown in Figure3.8 where only a cut-out region with length
of the side given by L = 256(t/tend) 3 is shown. We see a small increase of the number of domains for late
times.
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non vanishing contribution to the structure factor in order not to pick up contributions
from the constant interface width. So only the largest domain structure that continues to
grow via the hydrodynamic mechanism contributes to the growth law for R;. The measure
R° is derived from the interface length. Therefore, in the beginning when the proportion
of the interface length of the circular domains is small, compared to the total interface
length, R® is not sensitive to the structural change. For large times one can just about see

a decrease in the growth of R° in Figure 3.7.

The measure R¥, on the other hand, relies on counting the domains. Therefore, the con-
tributions of many small domains dominate the contribution from the few large ones. The
small domains, however, only grow via diffusion and coalescence. This stresses the impor-
tance of R¥ as a very good measure of the fine structure of the system that is nevertheless

independent of the interface width.

I thank Professor Cardy for pointing out that there exist scaling systems in which the
measure based on the number of domains does not scale!. A better measure could be
derived from the number of domains with a size larger than a certain percentage of the
domain size. In our system, however, even such a mea,sure. would not scale. If we inspect
Figure 3.9 we see that the number of domains larger than say 1/4 of the typical domain
width increases with time.

Another way of testing the violation of scaling would be to plot the circularly averaged
structure factor in the scaling form R(¢)"2S(k) against kR(t), where R(t) is the largest
length scale (which could be taken as R;). Then scaling violations would appear as a
breaking away from a universal curve at some kL, providing the break point occurs at some
fixed kL, or even a decreasing kL, as time increases. If, however, the break point is pushed

to larger kL at later times, the evidence for scaling violations would be weaker.

For even lower viscosities a transition occurs when the damping of capillary waves

becomes so small that the energy of the flow, due to the surface tension, causes capillary

1 An example for this are percolation clusters near the percolation threshold. For this problem the curve
in Figure 3.7 would actually be asymptotically flat. Yet no-one would claim that this problem violates

scaling.
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Figure 3.10: Scaling graph for 1024x1024 system for length scales R; (o), R®° (A) and R# (x). Parameters
are ' =2,k =0.002, 7 =0.56 and 74y = 1.

waves on the interfaces. The oscillations reach the size of the domain thickness leading to
a rupturing and colliding of domains that slows the domain growth. The surface tension
accelerates the interfaces towards a constant curvature, but the viscosity is so small that the
relaxation process of the interface overshoots. This overshooting process makes it difficult
for the energy stored in the interface to dissipate. This leads to complicated flow patterns
that efficiently enhance the collision of droplets so that the growth law for the length R¥
derived from the number of droplets is changed from R* ~ 3 to R¥t2, as shown in Figure
3.10. The growth law for the two other measures is unchanged: R; ~ R° ~ t‘g', although
the multiplying factor is reduced for lower viscosities. The patterns can only grow at a rate
at which the kinetic energy is dissipated, allowing larger domains to form.

The real space pictures of the spinodal decomposition patterns in Figure 3.11 do look
very different from usual spinodal decomposition pictures. The domains are rugged be-
cause of the massive capillary waves on the interfaces. Compared to the medium viscosity
pictures the number of isolated circular domains grows much less rapidly. An increase of
these circular domains, however, is still clearly visible in the scaling picture Figure 3.12 in
accordance with the difference of the growth laws of R° and R¥.

An interesting open question is the behaviour of the spinodal decomposition patterns in
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Figure 3.12: Real space picture for the system shown in Figure 3.11 where only a cut-out region with length
of the side given by L = 1024(t/tend)% is shown. We see a small increase of the number of domains for
late times.
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the limit of a vanishing viscosity or an infinite surface tension. In these cases the hydrody-
namic processes cannot lead to domain growth because the energy stored in the flow field
will rupture and deform the domains so that only diffusive contributions are possible. It is

also possible that in this limit domain growth does not occur at all.

3.4 Summary

Guided by the question how scaling states for dynamic phase ordering phenomena differ
for different growth regimes we were led to the conclusion that no scaling states exist
for hydrodynamically coarsening binary mixtures in two dimensions. While the ordering
phenomena without hydrodynamics lead to a scaling state, the hydrodynamic ordering for
intermediate viscosities produces a rich structure of a growing hierarchy of circular drops
within the deformed domains on the largest length scale.

For small viscosities the coarsening mechanism excites capillary waves that slow down
the growth process. The capillary waves cause dynamic, irregular domains that enhance
the collisions of drops within the domains with the domain walls and, therefore, partially
cleaning the large domains of their included drops. We will see a similar process taking
place for spinodal decomposition under shear flow (see Figure 5.7 and discussion in text).

We were able to quantify our findings with the help of a new measure for a length
scale derived from the number of drops. It has the advantage of being sensitive to small
scale structure. Fourier methods that resolve smaller length cannot distinguish between

the small scale structure and the interface width, which is a constant length and therefore

is not expected to scale.



Chapter 4

Double phase transition

In this short chapter we report a first successful simulation of the phenomenon of double
phase separation, first identified by Tanaka [60] in 1994.

Normally in spinodal decomposition, nucleation of the domains is followed by their
growth. In experiments, however, a second round of phase nucleation is sometimes observed
in the phase-ordering domains. This phenomenon was first described by Tanaka [60] in the
quasi two-dimensional geometry of a binary mixture confined in a narrow gap between two
plates. In his paper he discusses several possible explanations, including three-dimensional
ones such as wall effects, but clearly favours a purely two-dimensional explanation.

This explanation rests on the assumption of an unusually strong hydrodynamic or a
very long diffusive time scale. Consider a near symmetric quench of a low-viscosity binary
mixture where the hydrodynamic phase ordering process is much faster than the diffusive
phase ordering process. Then, in the spinodal decomposition, the hydrodynamic phase
ordering can start to act long before the diffusion establishes domains of near-equilibrium
concentrations. This happens because the surface tension of the interfaces can induce a
flow that orders the domains even before they are fully developed.

This results in large domains with order parameters that are still far from the equilibrium
concentrations corresponding to the quench temperature. Indeed, the order parameter in
the large domains can be so far from the equilibrium value that a second phase separation,

analogous to a nucleation for an off-critical quench at this concentration, occurs. Tanaka

39
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time=32392 time=48588

Figure 4.1: Double phase separation after spinodal decomposition of a 250x250 system with parameters
I' =0.001, k = 0.002, 75 = 0.65 and 74 = 1.

called this process an interface quench. It is not surprising that this very slow nucleation
process is possible, when one recalls that single circular bubbles are very stable within
a domain undergoing hydrodynamic coarsening as shown in the last chapter for spinodal

decomposition with an intermediate viscosity.

While this explanation is very plausible no one had been able to reproduce the phe-
nomenon in a simulation. Earlier work of Shinozake and Oono [54] did show that it is
possible for a hydrodynamic system not to reach the final equillibrium value for the order

parameter before phase ordering started. but a second phase transition was not observed.

The lattice Boltzmann method has the advantage of being able to access a large range
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Figure 4.2: Scaling graph of length scales R° (A) and R# (%) for system of Figure 4.1.

of different values for the hydrodynamic and diffusive time scales. In order to observe the
interface quench we combine an intermediate viscosity (7; = 0.65) with a very low mobility
[ = 0.001 (i.e., a lower viscosity would lead to capillary waves that would cause many
nucleation sites to recombine at the interface of the large domains). The other parameters
are the same as in the last chapter. The effect of the low mobility is to decrease the diffusion

by a factor of 1/200 in comparison to the simulations in the last chapter.

The results of the simulations are shown in Figure 4.1. The double phase separation
caused by the interface quench is clearly seen in the snapshots of the decomposition pattern.
We first note that the phase separation is much slower because of the low mobility. Until
a time earlier than about 9000 the phase separation pattern is similar to a pattern for a
spinodal decomposition with a medium viscosity. At time 21595 we see a nucleation of new
drops in the large domains. By the time 32392 the nucleation is almost complete, while
the phase ordering process has transformed almost all domains into compact shapes. At
the latest time the nucleation is over and even the newly nucleated drops have started to
coarsen via coalescence and diffusion. This can also be seen in the scaling plot for R° and
R# in Figure 4.2. Especially R¥, depending on the number of domains, is a very sensitive

measure for the nucleation of new domains.

[t may seem surprising that we have been able to observe nucleation in a lattice Boltz-
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mann simulation without noise. This is only possible because the domains, coarsening via
the hydrodynamic mode, already contain the fluctuations that are the seeds for the nucle-
ation. These are only growing very slowly via the diffusive mode. Note the strong similarity
between our simulation and the pictures of experiments in [60]. We have recently received
a preprint by Tanaka and Araki [61] where they perform a finite difference simulation (with
noise) of a Langevin formalism of model H. There they succeeded in producing numerical
evidence of a second round of nucleation.

In conclusion, we want to emphasize the flexibility of our lattice Boltzmann approach,
which allows us to simulate with ease even such extreme situations as Tanaka’s interface

quench mechanism.



Chapter 5

Spinodal decomposition under shear

In this chapter we examine the effects of an imposed shear flow on a system undergoing
spinodal decomposition. Such systems have received much interest in the recent past[38,
30, 17, 32].

In 1988 Chan, Perrot and Beysens [6] performed an experiment in which they examined
a high viscosity polymer mixture undergoing spinodal decomposition under shear flow.
They found that a very large shear rate can prevent the phase separation process. At a
smaller shear rate their system does phase separate and after an initial time the domains
deform. The angle of the orientation of the domains with the shear direction decreases from
an initial 45° to 0° for large times.

In 1990 Ohta and Nozaki [43] performed a two-dimensional computer simulation of
domain growth under shear flow starting from a phase separated configuration. The sim-
ulations were performed using the cell dynamic approach, a model that simulates phase
separation but does not include hydrodynamics. They observed stretching and breaking of
domains followed by colliding and merging of domains.

In the same year Rothman [51] used a lattice gas model to investigate a two-dimensional
binary mixture in a V-shaped shear flow. This model has the advantage of combining the
phase separation with hydrodynamics. He reports an increase in the overall viscosity for
low shear rate (shear thickening) where the interfaces are stretched by the shear flow and

a decrease in the overall viscosity at higher shear rates as the domains are breaking earlier
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(shear thinning). In 1995 Olson and Rothman [38] introduced a three-dimensional version
of the model and improved their shear boundaries to implement Lees-Edwards boundary
conditions which are explained in detail below.

The shear thickening and shear thinning phenomena were observed in an experiment
by Lauger [32]. who also reports scaling of the deformation for different shear rates. In
the same year Hashimoto et al. [23] showed that domains in spinodal decomposition can
be elongated into extremely long stripes under strong shear flow. The shear flow stabilizes
the string against their intrinsic surface tension instabilities. Many more recent results are
summarized in a recent review of Onuki [39] and references therein.

In this chapter we examine the effects of simple shear flow on the spinodal decomposition
of a binary mixture. We introduce different ways to implement a simple shear flow in a
Lattice Boltzmann scheme. Because shear flow deforms the domains we generalize the
measures of length introduced in the last chapter. The new measures give two length scales
and the orientation of the non-isotropic pattern. With these measures we examine the effect
of internal hydrodynamics on the sheared pattern and find different behaviour for high and
intermediate viscosities.

The two-dimensional equivalent of the strings observed by Hashimoto et al. [23] are
stripes that are stabilized by the shear flow. We examine the effect of shear flow on such
stripes and explain oscillations of stripes, observed in simulations. In the conclusions we

point out some unexplored problems and suggest further improvements on the algorithm.

5.1 Shear boundary conditions

Possibly the easiest way to introduce shear flow in a Lattice Boltzmann simulation is to
include moving walls in a lattice direction. Even for a neutral wall with neutral wetting,.
however, phase separation is sfrongly enhanced at the walls and the wall effects easily
dominate the phase separation process for all but the largest systems. The effect of walls
on the phase separation is an interesting phenomenon in its own right. but it is not the

problem we are interested in studying here.
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Figure 5.1: Schematic representation of a Lee Edwards boundary condition for a lattice Boltzmann method.
The System is periodic in x-direction and is connected by a Galilean transformation in the y-direction. This
leads to a time dependent off-lattice periodicity and a need to transform the densities in velocity space.

We can overcome the problem caused by walls in a relatively simple and efficient manner
by introducing a Klein-bottle symmetry to the lattice. To simulate shear flow the mixture
is then forced along one line in the direction of the shear flow to have a given velocity
component in this direction. In a one-component mixture this induces a linear velocity
profile. For a two-component mixture, however, there are non-local interactions and the
dynamics is influenced by the v-shaped velocity profile at the forcing line. We used this
algorithm to produce preliminary results but it has no advantages over the method derived

below. Therefore, these results are not presented here.

To produce a more regular shear flow we can build on the ideas of Lee and Edwards
to construct the equivalent of Lee-Edwards boundary conditions, widely used in Molecular
Dynamics [33], to the lattice Boltzmann simulations. Let us first review the ideas of Lee and
Edwards. To simulate shear boundary conditions, for a shear in x-direction, in a simulation
box of dimensions (L, Ly) they introduce periodic boundary conditions for the walls in y-
direction. Particles that leave the box at the lower boundary at position (x,y = () reappear
at the upper boundary at position (z + ut(modX),y = ¥") with a velocity that is changed
bv v = v+ w.

To implement this idea for lattice Boltzmann simulations we are faced with two dif-

ficulties. Firstly the densities are defined on a lattice and the boundary conditions lead
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to densities defined between the lattice points. Secondly we need to define a Galilean
transformation for the densities which are streamed across the lattice.

The non-fitting of the lattice is relevant for both the streaming and the calculation of
derivatives at y = 0 and y = L, — 1. We solve this problem by a linear interpolation scheme.

For any density we define
flesy = =1 = (1= R(ut))fle + I(ut),y = ¥ = 1]+ R(ut) flo + [(uwt) + 1,y = ¥ = 1] (5.1)

where I(x) is the largest integer with I(z) < & and R(z) = z — I(x). If we pass the break

in the lattice from the other side we define similarly
fle,y = Y] = (1~ Rut) fle — I(ut),y = Y]+ R(ut) flo — (ut) = Ly =Y]. (5.2

These formulae are used both for the streaming of the Galilean-transformed Boltzmann
densities f; and for the calculation of density gradients.

It is rather more difficult to see how a Galilean transformation should be defined. Let
us consider the special case of a nine-velocity model where the velocities are numbered as
indicated in Figure 5.1. We need to perform a Galilean transformation on the {fs, f2, fé}
and the {f7, f4, fs} velocities. To define the transformation we demand mass conservation,
an appropriate change in momentum and a conservation of the local pressure. For the
density this implies

n=fs+fot+tfo=rfit+ i+ (5.3)

and for the x-momentum

_ St _fi-fo_ _ (5.4)

n n

Uy

where the prime denotes the transformed quantities. For the pressure we require

P. = Z f—i(nvix — nug)

n-

1 | )
= ;1—2(.1%(71 - Ua:)2 + fz(nu,_.)- + fo(—n — num)z

1 , |
= -n—z(fé(n —ul)?+ il ) + fi(—n — nul)?. (5.5)
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This system of equations can be solved to give a unique solution for the Galilean-transformed

densities f!

fo = fa+2(fs — fo)u — nu’ (5.6)
, 3 1 I n o, . -

fs = f5+(—;.5“ ;f2+5f6)u-+ S (5.7)
, 1 1 3 n .

fe = fe+ (‘;jfs + §f2 + §f6)u + 5“2- (5-8)

In order for this transformation to make sense we need to make sure that equation (5.4) is
consistent with the definition of the equilibrium distribution. We will now show that this
is indeed not the case for any equilibrium distribution that is defined as a polynomial in

second order in u. A generic expansion is
f? = A+ Bugv,, + Cu® + Duaupviavig + Gagvigvig. (5.9)

Again defining n = fs + fo + f¢ it follows that

fs—fe _ 2B + 4Du,
n 3A+3Buy+3Cu?+3Du? +2Du2 + 3G,y + 2G,,

4

where P is a velocity-independent term. The equilibrium distributions do not transform

under the Galilean transformation. In practice this leads to a step in the u, profile at the

boundary.

There is, however, no a priori reason to use a second-order expansion in the velocity for
the equilibrium distribution. All that is needed for a valid equilibrium distribution are the

conservation laws and the symmetry of the lattice. We will demand the usual conservation

laws for the densities

DR = Y fi=n, (5.11)
Zf?v,- = Zf,-v,-znu, (5.12)

Z fioviaviﬁ = nTaﬁ + nNuaUg, (513)

plus a set of additional constraints that ensure consistency of the Galilean transformation

for the velocity

O_Lfo
e = (5.14)
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Taimin v (519
and the pressure
£+ 16— (f8 + 1o + ) (Tox + uzue) = 0, (5.16)
fs+ fs = (fs + fs + )Ty + uyuy) = 0, (5.17)
fo+ 17— (g + 17 + N Tee + usuiz) = 0, (5.18)
fo + £ = (f6 + 17 + £3)(Tyy + wyuy) = 0. (5.19)

(5.11)-(5.19) are a completely determined set of equations with the solution

[ = n(l = Te—w)(1 =T, —u2),
2= n/2Tos +us + ul2)(1 — Ty — ul),

2= /2Ty +uy+w)(1 = Tox — ),

f3 = n/2Tew — ug +u)(1 = Tpy — uj),

fi= n/2ATy — vy +ug)(1 = Tow = w3),

2 = nf4(Tpy + TooTyy + Tyy(uz + u?) + Tor(uy + uz) + upty (1 + up + Uy + uzty)),

1 = 04Ty + TexTyy + Tyy(—tz + u2) + Toa(ty + ul) — ugty(1 — ug + uy — uzuy)),
2 = n/4(Tey + TeeTyy + Ty (—uz + ul) 4 Too(—uy + uz) + upty (1 — Uy — uy + ugty)),

fs = 1/4(=Toy + ToaTyy + Ty (us + uz) + ool —uy + ugz;) — uzuy(1 + Uz — Uy — usUy)).

For this equilibrium distribution we now get

0 _ f£0 T
0f5 0f6 5 = Ug + = 5 (5.20)
fo+f+fs Tyy + uy + uy

which is consistent with the Galilean transformation. The additional term in the velocity

is due to the constraint of local momentum conservation so that the mass and momentum

transfer have to be coupled.

For a two-component system we need a similar set of extra conditions for the equilibrium

distribution of the density difference. The usual conditions are:

S = D= | (5.21)
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Zg?v,-a Zgivia = PUa (5.22)

S Pvigvip = Gp(n, e, Vo, V?0)sas + puaus. (5.23)

They are of the same structure as the equations (5.11,5.12,5.13) if we replace nT,3 with
Gudap. The important difference is that nT,4 is linear in n where as Gud,ps is not linear
in ¢ and in particular can take a finite value for ¢ = 0. This means that the equivalent
equations for the ¢° are singular as g — 0. For a practical scheme we have to avoid these

singularities. We can still impose the additional constraints for the velocity

P g+~ " (524
0 _ 0
Jo—fy - _ Uy, (5.25)

f++£
but we have to use a different last constraint to complete the system of equations. Guided
by the Orlandini result I impose

go = ¢ — LG — p(ul + ul), (5.26)

where / is a free parameter that can be used to improve stability (we choose £ = 1). Solving

this set of equations for the g; we get

g = ¢ —LGu() — p(uz +uy), (5.27)
g = 1/2((€ = 1= uz)Gp() + (1 + uz — uy)pus), (5.28)
¢S = 1/2((f —1—w)Gp() + (1 +uy — uz)ouy), (5.29)
@ = 1/2((£ — 1+ u)Gu() — (1 — up ~ v )pus), (5.30)
g2 = 1/2((f — 1+ uy)Gu() — (1 — uy — uz)puy), (5.31)
g = 1/4((2 = £+ uz + ) Gp() + (14 vz + uy Jpusty ), (5.32)
@ = 1/4((2 — £ — ug + uy)Gu() — (1 — vz + uy)puaty), (5.33)
@ = 1/A((2 — € —up —uy)Gp() + (1 — vz — uy)pustsy), (5.34)
g = 1/A(2 — €+ ug — wy)Gu() — (1 + tz — uyJpustty)- (5.35)

The macroscopic equations determined by the Chapman-Enskog expansion are unaflected

by the choice of the further constraints (5.14) to (5.19) and (5.24) to (5.24) or the detailed
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structure of the equilibrium distributions. Therefore, these alterations in the model can
change the stability and the behaviour of quantities like the spurious velocities. but they
leave the evolution of the macroscopic quantities unaffected. at least to second order in the
derivatives. We only need to take care with the three-velocity moments. With our choice

for the {fi;} we get for these moments

0,3 -
Z i Viz = MNUg,
i
0.2 _ 2
Z fi VigViy = uy(P:L‘x + nux)7
)
0 2 _ 2
Z fi vifrviy - Ux(Pyy + nuy)’
?

D, = nu, (5.36)

P

which reduces to (2.30) for P, = Py, = n except for the third order terms in the velocities.
They cancel with the term in the third order of the velocities in (2.28), which we had to
neglect in Chapter 2. Therefore, we recover the Navier-Stokes equations as well for P = n

or, using (2.36), T = 1.

5.2 Measures for non-isotropic patterns

To measure the features of phase separation under shear it is necessary to construct mea-
sures to characterise the anisotropy of the sheared systems. Let us consider which of
the measures introduced in Section 3.2.1 can be generalized to give information about non-
isotropic patterns. All measures that are based on Fourier Transforms cannot be easily used
for sheared systems because the system is no longer periodic. In the case of a Klein-Bottle
topology, the lattice can be duplicated to construct a periodic lattice, but the symmetry of
this double system prevents the determination of the orientation of the pattern.

Measures derived from derivatives do not, however, suffer from this problem. Derivatives
need to be evaluated for the algorithm and are readily available. We can define a tensor

that will allow us to extract two length scales and an angle from the expression (compare

(3.7)) |
S 0Pp(x, )05 0(x, 1)

Yx P2, 1) ’ (5:37

(laﬁ =
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where 9P is the symmetric discrete derivative in direction a. Because the matrix is sym-

metric it can be diagonalised to give two eigenvalues A1, A2 and an angle 6*:

der +d (dpr — dyy)?
P vy \/ gz Qyy 2 :
1 5 + 2 + dZ, (5.38)
doy +d \/ (g — dyy )2
A — vy T vy 2 [
2 — 5 + 3 +dZ, (5.39)
6* = tan™! _dw (5.40)
dxy - A2 ’ .
The two eigenvalues give us two orthogonal length scales
L
Ri(t) = — :
L
(1) = = , 5.42
2( ) /\Z(t) ( )

where L,, is the interface width (see detailed discussion of the effect of the interface width in
Section 3.2.1). L, could in principle be anisotropic. That this is not a strong effect can be
seen by comparing these length scales with length scales that are explicitly independent of
the interface width. One such measure is introduced in the next paragraph. The comparison
(see e.g. Figures 5.4 and 5.6) shows very little deviation of the two measures.

We can generalize the measure connected to the length of the interface to a non-isotropic
measure. The interface can be represented by a set of contours. These contours consist of

small line segments ;. So the length of the interface is
Ly =3Ikl (5.43)
In order to extract the preferred direction of the interface we define the vector
D=R? (Z R(l'l-)) (5.44)

where

R(%) = |7 (5.45)

and

9° = cos™! (11‘"%) , (5.46)
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1.e., the vector is rotated to have twice the angle with the x-axis.

The quantity D is a vector that is zero for isotropic objects and points in the averaged
direction of their interface for non-symmetric objects. One can define two length scales and
an angle from these measures that correspond to the intuitive result for oriented rectangular

objects. We define
L.L,

Ro = T 5.47
1 L+ D] (5.47)
R; = ﬁ_&y:_ (548)
L;—|D|
1,.D
= cos”! ( — ) : (5.49)
|D|

So now we have two independent measures for the structure of non-isotropic patterns that

we will use to examine the spinodal decomposition under shear.

5.3 Simulation results

Shear flow applied to a system undergoing spinodal decomposition stretches the original
pattern. This effect is only relevant if the deformation caused by the flow is of the same

order or larger than the deformation caused by the coarsening process. This requires
¥t > 1. (5.50)

We therefore expect that we can observe the effect of the shear flow for ¢t > 1/7.
To understand the effect of shear-flow on a phase separating system let us first consider

a pattern without any internal dynamic that undergoes a shear transformation. The shear

transformation is defined as

z ) T + Yty (5.51)

y y

and describes the effect of a simple shear flow on a system. The effect of this transformation
is illustrated in Figure 5.2 where we start with a spinodal decomposition pattern and show
successive iterations of the shear transformation with ¥ = 1. The structure develops an

orientation that slowly aligns with the shear direction while the stretching increases the
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Figure 5.2: Shear without internal dynamics with shear rate ¥ = 1 for times t = 0,1, 2, 3,4, 5,6 and10.

length of the structure and decreases its width. Once the width of the domains is smaller

than the original width of the interface the system is effectively a homogeneous mixture.

This effect is known as shear-induced mixing and can be observed in our system if
the stretching effect of the shear flow is much faster than the growth of the domains via
diffusion. Numerically this can be achieved by choosing a very low mobility I'. Phase
separation is now suppressed because of the mixing properties of the shear flow unless the
phase separating structure is aligned with the shear direction. For finite lattices we observe
at much later times a nucleation of complete stripes that span the system and are periodic
in the shear direction. The time required to form these stripes depends on the system size
and it seems reasonable to assume that this phenomenon does not occur in infinite systems.

It has been described as a shift in the effective critical temperature T°//(4)[39, 11].

We now consider systems with hydrodynamic and diffusive modes. The internal dy-
namics that lead to domain coarsening can also prevent a complete mixing of the system.
Figure 5.3 shows the spinodal decomposition pattern of a high-viscosity binary mixture.
The internal hydrodynamic degrees of freedom can be neglected in comparison With the
diffusive dynamics. For very short times (¢ < 300) we observe the familiar spinodal decom-
position pattern. It is, however, coarsening in a new way via shear flow-induced collisions

of the domains. This process enhances domains oriented in the collision direction. Then
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Figure 5.3: High viscosity spinodal decomposition pattern in a strongly sheared system (y = 0.004, L, =
256, L, = 128. 75 = 100, other parameters as in Figure 3.8).
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Figure 5.4: Angle 0, length scales R} , (%), RS, (o) and the scaling graph of length R° (o), R' (¢), R* (%)
and R¥ in a strongly sheared system (y = 0.004, L, = 256, L, = 128, 7; = 100, other parameters as in
Figure 3.8).

for 300 < t < 1000 the flow slowly turns the striped pattern and stretches it. For ¢ ~ 1000
the rupturing of domains starts to be important and for 1000 < 15000 there is a continuous
stretching and rupturing that effectively stops thé phase ordering process. For ¢ > 15000
the system has developed stripes that span the system. Because periodic stripes are un-
affected by the shear flow if they are completely aligned the system can now grow via the
diffusion mechanism.

This evolution can be followed more quantitatively by measuring the orientation angle
§ and the non-isotropic length scales shown in Figure 5.4. The first figure shows the angle
as measured by 6* (eqn. 5.40) and 6° (eqn. 5.49). We see that the two different measures
for the orientation agree very well. The angle oscillates at very early times (¢ < 2000) and
then slowly aligns with the direction of the shear flow as periodic stripes are created.

The second graph in Figure 5.6 shows the length-scales Rj , defined in equations (5.41,5.42)
and the length scales R} , defined in equations (5.47,5.48). We very clearly see a separation
of length scales and a good agreement of the two different measures. A minimum of the
larger length scale at ¢t ~ 17000 indicates the creation of periodic stripes stretching the sys-
tem. After this time the growth of domains is no longer hindered by the continual breaking
of stretched domains.

The third graph shows the scaling of the circularly averaged measures of length that

we used to characterise spinodal decomposition patterns in the isotropic case in Chapter 3
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Chapter 6

Break-up and dissolving of drops

under shear

In this chapter we use a lattice Boltzmann simulation to examine the effects of shear flow
on a single equilibrium droplet in a phase separated binary mixture. We find that large
drops break up as the sﬁear is increased but small drops dissolve. We also show how the
tip-streaming, observed for deformed drops, leads to a state of dynamic equilibrium.

To understand the basic phenomena underlying this complex process we focus our at-
tention on the behaviour of a single equilibrium droplet in a two-dimensional binary fluid
under shear flow. Despite the simplicity of the model system it shows rich behavior, both
droplet break-up and droplet dissolution. We also suggest a new explanation of tip stream-
ing observed in our simulations.

Consider first an immiscible drop subjected to a shear flow. This problem has been
studied extensively since the original experiments by Taylor [62]. Experimental, theoretical
and numerical results are available in three dimensions [45, 56, 46] and theoretical [48, 5]
and numerical [21, 22] results in two dimensions. These approaches consider drops with a
singular interface and a conserved volume. The drops are deformed by the shear flow while
maintaining their volume. If the shear rate exceeds a certain critical value, which depends
on the volume of the drop, the drop will break up. Conversely, for a given shear rate, there

exists a volume above which the drop is unstable. We shall denote this volume V;.

67
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For a partially miscible binary mixture a similar break-up of droplets is observed if the
droplets are large. There is now, however, a second volume scale V; which sets a lower limit
to the drop size. V, corresponds to the minimum size of a nucleation seed. The reason for
the existence of a lower limit of the drop size lies in the free energy balance between the
favourable creation of separate phases in the super-saturated mixture and the unfavourable
creation of the interface separating them. Note that. because when a shear is applied a
drop deforms and increases its surface length, V; will depend on the shear rate. For shear
rates with V, < V, there are no stable drops in the system.

In the next Section of the chapter we describe the extensions to the free energy lattice
Boltzmann approach, described in Chapter 2 needed to treat shear flow. Results for the
break-up of a large droplet are presented in Section 6.2. In Section 6.3 we obtain an estimate
for the volume V; below which small droplets dissolve and discuss the effect of shear flow
on the dissolution. Section 6.4 discusses tip streaming, the loss of material from the tips of

the deformed droplet and summarizes the results of the chapter.

6.1 Method

We consider a linear shear flow with velocity

= (6.1)

where G is the shear rate. If the fluid is homogeneous it is expected that equation (6.1)

describes the velocity field of the whole fluid. Inserting a droplet will disturb the velocity

field locally but equation (6.1) gives the far field solution.

To simulate the shear it is necessary to introduce boundary conditions' that force the
flow. After each streaming step we replace the collision step at the boundary by a step that

defines the variables of the lattice Boltzmann scheme to take values that correspond to the

required value of the velocity and densities.

11t is, of course, possible to use the Lees-Edwards’ boundary conditions for lattice Boltzmann developed
in the last section. Since we are not interested in the effects at the wall, however, it is algorithmically
simpler to impose flow at the boundaries.
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Figure 6.1: Sketch of a deformed drop in a simple shear flow. For small shear rates the drop has the form of
an ellipse with axes 2A and 2B. The ellipse is inclined to the direction of the shear flow by a shear strength
dependent angle c«.

Two different kinds of boundary conditions have been implemented:

periodic: The top and bottom edges of the lattice at y = +y; are the boundaries and the
velocity is constrained to be u = (yy,0). The side boundaries have periodic boundary
conditions. This corresponds to a shear confined by two moving walls acting on a

periodic array of drops.

forced: All the edges of the lattice are forced to have u = (4y,0). This eliminates the
effects of periodic images of the drop. The local values of n and ¢ are replaced by
their mean value averaged over the boundary. These boundary conditions generalize

for more complicated forced flows, for example, hyperbolic shear flow.

For a homogeneous system both boundary conditions lead to the velocity profile of equation
(6.1) to within machine accuracy. In the presence of a drop both boundary conditions are
expected to give the same results for an infinite lattice. A comparison of the two different
boundary conditions, therefore, gives a measure of the effect of the periodic images on the
drop.

If a drop is placed in a shear flow it will be deformed by the forces acting on it. The
drop elongates and turns to lie at an angle o to the flow until in the steady state the

restoring force due to the surface tension balances the shear forces acting upon the drop.

This situation is sketched in Figure 6.1. For small deformations the drop approximates well
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Figure 6.2: a) Deformation of a drop D and b) the tilting angle o for periodic (—) and forced (- - -)
boundary conditions against the shear rate ¥ = G. The undeformed drop has a radius of 8 lattice spacings
and the lattice size is 60x30.

to an ellipse and its deformation can be defined as

D=2"2 (6.2)

where A and B are the major and minor axes, respectively. For drops of constant volume

the deformation and inclination angle depend only on a dimensionless quantity, the capillary

number[45]

vay

Ca=— (6.3)

I

where v is the viscosity, ¢ the undeformed drop radius and o the surface tension. Through-
out this chapter we take v = 1/6 and o = 0.046 (x = 0.002). This corresponds to an
interface width ~ 3 lattice spacings. The simulations are initialized with a circular domain
with radius « of equilibrium concentration ¢ = 1 in a surrounding with ¢ = —1 with an
interface width of about two lattice spacings. The other simulation parameters are n = 2,

T = 0.5, A = 1.1 and I' = 0.8. Then the system is allowed to equilibrate for about 1000

time steps before data are recorded.
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Figure 6.4: The free energy plotted as function of the drop radius for a) a lattice with 10000 points for

concentrations that without surface effects would correspond to drops of radii R® =15,16,17,18 and 19; b)

a system with R? = 19 and lattice sizes 10000, 12000, 14000, 16000, 18000 and 20000; c) a system of size
10000 and R® = 19 for shear rates 4 =0, 0.001, 0.002, 0.003, 0.004 and 0.005.
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we felt it was important to check the existence of the break-up carefully, particularly as it is
well known [56] that a sudden change in shear strength can lead to rupture long before the
critical shear rate. We performed careful numerical simulations where we saved a stationary
solution and then increased the shear flow. If the drop ruptured instead of reaching a
stationary state we loaded the old configuration and increased the shear rate by only half
the previous amount. We iterated this step until the increase in shear rate was smaller
than a lower bound. The shear rate never grew larger than a previously rejected shear rate
showing that the break-up is not due to non-equilibrium effects. We then decreased the

shear rate to check that the system is in equilibrium at every point. No hysteresis effects

were observed, showing that this is indeed the case.

It should be pointed out, however, that the rupture mechanism is very different in two
and three dimensions. Three-dimensional drops break up into two main drops and satellite
drops [56]. We observe that two-dimensional drops break up into two drops of equal size

as shown in Figure 6.3.
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6.3 Dissolution

For given ny, ng, T, if a binary fluid lies in the coexistence region it will separate into two
phases with, say, concentration differences ¢, and ;. Each phase occupies a fraction of
the total volume of the system which is determined by the densities and temperature. For
a finite system the interface between the two phases results in a finite positive contribution
to the free energy and, if this is too large relative to the gain in free energy due to the phase
separation, the drop is unstable.

For the model simulated here it is possible to obtain an estimate of the droplet volume
below which dissolution will occur. Ignoring the interface curvature the surface tension for

an interface orthogonal to the z-direction is (2.44)

o (do\?
azn/_oo (—5(5) : (6.4)

Hence, using (2.33) the free energy of a drop of radius R in a volume V is
F = nR*Y(p1,n,T) + (V — 1 R*)¢(p2,n,T) + 27 Ro. (6.5)

This should be minimized with respect to R, ¢, and ¢, where one variable can be eliminated
by the constraint
TR}, + (V — 7 R®)py = . (6.6)
In Figure 6.4a the free energy, relative to that of a homogeneous system, is plotted
as a function of the drop radius for different concentrations of A and B particles. The
concentrations are chosen such that without the surface effects drops of radii 15,16,17,18
and 19 would minimize the free energy on a lattice of size 100x100. We will denote these
radii by R°. Without the surface free energy term there is only one minimum and this will
always be reached. With surface effects the homogeneous phase (R = 0) is always stable
and a finite deviation from it is needed to reach the global minimum. This corresponds to
the meta-stability of sorﬁe regions of phase space where a finite nucleation barrier prevents
immediate phase separation.
The lowest free energy curve in Figure 6.4a corresponds to R° = 19. The figure shows

that the effect of the surface free energy is to shift the minimum from 19 to about 16.7. For
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Figure 6.5: Deformation as function of shear rate for a drop of radius 8 for systems of size a) 60x30, b)

70x40. The drop in the smaller system breaks up while the drop in the larger system dissolves. Because

the mass of the drop decreases strongly at high shear rates its deformation decreases under the increase of
shear before it completely dissolves.

smaller R® the minimum becomes a local minimum at R° ~ 18. In systems with fluctuations
this will eventually lead to the drops dissolving. The lattice Boltzmann simulations reported
here, however, do not include noise, and a drop in a local minimum will be stable. For
concentration ratios that lead to a graph that has no local minimum (R° < 15.5) the drop
will dissolve. We observe, though, that the initial dynamics are very slow.

The radius below which drops dissolve depends not only on the size of the drop but also
on the total volume of the system. Results for the concentration corresponding to R° = 19

for different system sizes are shown in Figure 6.4b. Droplets are less stable in a larger

system because more material from the drop is needed to change the concentration outside

the drop.
When shear is applied the droplets deform. They have a larger interface so that the

surface contributions are increased. For small shear rates the dependence of the deformation

on the shear rate is approximately linear and we can use

D =~ 10%R (6.7)
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where R is the radius of the undeformed drop with the same volume. Approximating the

shape of the deformed drop by an ellipse the length of the interface is given by

1-D 4D
L= \/IT—D-E (——(1 = D)2> (6.8)

where E(k) denotes the complete elliptic integral of the second kind. This result can be
used to estimate the effect of shear flow on the free energy. The results for R° = 19 for
different shear rates are shown in Figure 6.4c. The minimum in the free energy vanishes
for high shear rates and no stable drops can exist. This corresponds to the dissolution of a
drop under shear.

The effects predicted by the thermodynamic theory are observed in the simulations. In
Figure 6.5 results for the simulation of a drop of R® = 8 on lattices of size 60x30 and 70x40
are shown. For the smaller lattice V, < V; and the drop breaks up. For the larger lattice
the drop can exist to larger values of the shear, but loses mass. Finally, as the shear is
increased further, it dissolves.

It is interesting to note that the theory predicts that every drop will dissolve under
shear in a sufficiently large system. That is because the mass loss from the drop has to
change the concentration outside the drop in order to reach a new equilibrium. This can,
however, be very difficult to observe because there is a separation of time scales. The time
tp needed for diffusion to equilibrate the system scales as tp ~ L? where L is the length
of the system. This result is altered under shear [28] and in the limit of very large shear
rates tp ~ L3. The time tr for the system to reach a steady flow and a new deformation
of the bubble scales as t ~ L. Therefore, in large systems the time for the deformation of

the drop will be fast compared to the time for it to dissolve.

6.4 Discussion

In our previous discussion we have assumed that thermodynamic arguments for equilibrium
can be carried over to the stationary states of dynamic systems. This is, however, not

necessarily the case. We observe a deviation from this assumption in a phenomenon which
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Halliday et al. performed simulations on a droplet in a binary fluid using a derivative of
the the Gunstensen [19] algorithm. They obtain a similar break-up behavior but there are
some important differences in the results. In particular in the simulations reported here all
equilibrium drops are convex (see figure 6.3) whereas Halliday et al. [22] report stationary
drops that are constricted in the middle. They also observe smaller inclination angles o at
break up. The discrepancies warrant further investigation. Another feature not reported
by Halliday et al. is the dissolution of drops under shear. This may be due the fact that
they work in a region where the two components are more strongly separated. Nevertheless,
small droplets should still dissolve. We caution that the time-scale for dissolution can be
much larger than that for the deformation of the droplet to reach an equilibrium value.

Goldburg and Min [17] performed experiments on nucleation in a binary mixture in the
presence of shear. They observed the vanishing of drops under the influence of shear as a
sharp transition. This transition may be interpreted as corresponding to the point where
V, = V.

To conclude, in this chapter we have shown that drops under increasing shear flow can
either break up or dissolve’. We explained this behaviour with thermodynamic arguments.

Tip-streaming was shown to lead to a state of dynamic equilibrium for deformed droplets.



Chapter 7

An H-Theorem for lattice Boltzmann

The only consistent microscopic derivation of an H-theorem has been given by Boltzmann
for the famous Boltzmann equation (see [29]). An H-theorem states that a functional can
be defined that is a strictly decreasing function in time. For the continuous Boltzmann

equation this is the famous H-functional

H(t) = /dx/dvf(x,v)ln(f(x,v)). (7.1)

Boltzmann was able to prove that for his equation

dH (1)
=2 <o (7.2)

This maps to the second law of thermodynamics which states that the entropy is a mono-
tonic function in time. In an isothermal situation where energy is not conserved the H-
functional no longer corresponds to the entropy but rather to the free energy, which has a
monotonic time behaviour.

Because of the analogy between the continuum Boltzmann equation and the lattice
Boltzmann equation it has been widely speculated that the discretized lattice Boltzmann
equation might also obey an H-th.eorem, although no proof for such an H-theorem has been
found. The only H-theorem which has been proved is a version for lattice gases which
assumes semi-detailed balance [14]. In this chapter we analyse the general conditions under

which a BGK lattice Boltzmann model can obey an H-theorem. We show that lattice

73
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Boltzmann schemes do not automatically obey an H-theorem. It is possible, however, to

define lattice Boltzmann schemes that do obey an H-Theorem.

7.1 The lattice Boltzmann scheme

We will briefly review the BGK lattice Boltzmann scheme for a single component fluid for

which we want to find an H-theorem. The evolution equation for the densities are, as before
At /4
filx Vit + At) = fi(, 1) + = (= filx,1)) - (7.3)

The local density n(x,t), the local net velocity u(x,t) and, for a thermal model, the local

kinetic energy €(x,t) are given by:

N N N
n=>Y fi, nu=> fivii ne= Zf,-|v,-|2. (7.4)
1=0 =0 1=0

In order for this approach to simulate the continuity, Navier-Stokes and, for a thermal
model, the heat equations the f? have to respect additional constraints, namely higher order

moments have to correspond to the higher order moments of the continuum Boltzmann

distribution.

7.2 The H-Theorem

Let us now consider whether or not this scheme can obey an H-Theorem. If we have a
functional that always decreases in time, then locally the functional must be minimal if the
distribution function is the equilibrium distribution.

A slightly more subtle point refers to the streaming step. Let us consider the collision-
less limit (7 — oo) where we have only streaming. In a periodic system it follows that the
time evolution also has to be periodic for N! steps if N is the number of lattice sites. Thus
if this system obeys the H-theorem the streaming step cannot change the H functional.

A different way of seeing that the H-functional has to be invariant under the streaming

step is to consider a system for which the H functional has the value H, and then perform a
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streaming step to a new system for which the H-functional has the value H,. If the evolution
obeys an H-Theorem, it follows that H; > H;. We then invert all the velocities. It seems
reasonable to assume that this operation should not change the value of the H-functional.
If we now perform a streaming step on the new system we arrive at the original system
with inverted velocities and we can conclude Hy, > H, and therefore H; = H,.

In order for the H-functional to be invariant under the streaming operation there can
be no cross-terms between the densities in the H functional. It can therefore be written as

a sum of functions of the f; separately
L
H{f}(1) = ;Zi:hi[{fi}(mt)] (7.5)
where L is the number of lattice points and [ is an index that numbers all points of the
lattice.
The equilibrium distribution f? is the distribution that minimizes the H-functional
under the constraints that its moments have the same values for the conserved quantities
of the distribution before the collision. We can eliminate these constraints by introducing

Lagrange multipliers into the the H-functional. Then we minimize the functional and obtain

an expression for the equilibrium function in terms of the Lagrange multipliers
N N N N ,
BN = Shlf)+a (}: i - n) b (Z fivi - nu) e (z fvif ne) (76)
1=0 1=0 =0 =0

=0 = 5H[{fi}]|{f—}={f°}

N
= Y 6fi (hi(f) +a+bvit cv?l

1=0 -

=0 for fi=/?
= f0 = B/ Y—a—Dbv,—cv}). (7.7)

1

This gives a unique definition for f° if the h! are strictly monotonic, i.e., if h; is convex.

The Lagrangian multipliers are determined by the conservation constraints
N N N
n= Z fP, nmu= Z fovi. ne= Zf?Vin'- (7.8)
=0 =0 1=0

For systems without energy conservation we recover the same conditions with ¢ = 0 1n (7.6)

and the energy conservation constraint does not apply.
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7.2.1 Local H-Theorem

We can now show that in the collision term with the equilibrium function 7.7 the value of
the H-functional decreases. We are only concerned with the collision term and, therefore,

drop the x dependence. We then get for the time development of the H-functional

H{fi})(t + Aty — H{f:})(t) <0, Vi‘t > 1. (7.9)

We now provide the proof for this statement in mathematical terms. It is technically difficult
to prove the H-theorem for discrete time steps. We therefore introduce a continuation of
the definition of the densities for continuous time. The continuation is chosen so that the
densities obey the conservation constraints at all times. For these densities we can then
prove an infinitesimal H-theorem over which we integrate to obtain the exact H-theorem
for discrete time.

PROOF:

We define for real s € [0, At]
flt+s) = fit)+ = (£ - 1) (7.10)

Observe that f° = f%(n,u,€) is the equilibrium distribution for all fi(¢ + s) since the

conserved quantities are the same for all f;(t + s). A useful relation is

P~ fi(t) = a(s)(f] = fit +5)). (7.11)

We see this by considering equation (7.10) from which we get

fgy = PEE S — 2l (7.12)

Using this we see that

f-fit) = f2-——r
PO - R A
_ —
= filtts)
= LS

= a(s) = (1—-5)—1 (7.13)

T
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and in particular a(s) > 0 Vs € [0,At]. This will turn out to be the reason why we
can only prove the condition for 7 > At. Now we can prove the local H-theorem using the

definition of H from (7.6):

H[{ fi}](t +At) = H[{fi}](t)

= / dszaf, i(filt +8)) +afi(t +5) + bfi(t + s)vi + cfi(1 + s)v? ~7t,—(an+bnu

z—‘O

N

(7.10) /O‘“ ds Z (A (fi(t + 5)) + a + bvi + ev?) x

=0

(fio — fi(t))

(7.7,7.11) o N , (s
= /0 dsy (hz‘ (fi(t+s)) — R (f?)) X O(:)(f,Q — fi(t + )
=0
< 0 if A is a convex function.

7.2.2 Global H-Theorem

Since we required that H be invariant under the streaming step nothing remains to be done.

The total entropy H|[{fi:}|(t) defined as

L
HI{f:(x)}1(t) = >_ > hi(fi(xs, 1)) (7.15)
{=1 =0
where L is the number of lattice points and [ is an index that numbers all points of the

lattice, only changes in the collision step. We therefore have the global H-theorem:

H{{f:(x)}(t+ At) — H{fi(x)}($)], <0 Vvr>1 (7.16)

7.3 The Global Equilibrium Distribution

In statistical mechanics the H-theorem is used to prove the existence of a unique equilibrium
state of the system. It will turn out that for lattice systems this is not necessarily the
case. Demanding the existence of a well-defined ground state gives us a constraint for the
structure of the lattice. This is be equivalent to the constraint that there are no spuriously
conserved quantities.

Since we have a global H-Theorem and the H-Functional is bounded we know that the

scheme has to converge to some minimal value of the H-Functional. We will now examine
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what information we can extract from our H-Theorem about the final state.
Since, in the final state, the H-Functional does not change we know that it also cannot

change locally in the collisions. It follows:

HIf)(t+ A1) — H[f]() = 0 (7.17)

s dsZ(h (ie+ ) = (D) S0~ fe+s) = o (7.18)

a(: (fP = filt+s) = 0(Vi,Vs) (7.19)

= fi(t)

All terms< 0 (hi’(fi(t +s)) — hi'(fio))

. (7.20)

So in the final state all distributions have to be in local equilibrium. If all states are local
equilibrium states then they do not change in the collision step. Therefore, we can conclude
that for large ¢ the system converges to a state that has local equilibrium distributions
everywhere. The streaming step transforms one such state to another (or the same) such
state.

Whether these conditions force the global equilibrium to be homogeneous depends on
the lattice and the set of velocity vectors {v;}. This question is related to the problem
of spurious invariants (see for instance [1] and references therein). Spurious invariants are
conserved quantities that do not correspond to any physical quantities. In a four-velocity
model on a square lattice for instance the total momentum of all even and odd lattice sites
is separately conserved. If the global equilibrium is constrained to be homogeneous then
there can be no spurious invariants. If, however, inhomogeneous final states are possible,

then these state can be characterized by at least one spuriously conserved quantity.

7.4 A lattice Boltzmann scheme with H-theorem

If we use the classical choice for the H-functional

H{f}) = XX filn(f) (7.21)
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for a thermal model, i.e., a model with mass, momentum and energy conservation, we get

for the equilibrium equation a Maxwell-Boltzmann distribution

(Vi“‘U)z) (7

=]
N
[\

f{ = Nexp ( 7
where N, U and T are the Lagrange multipliers. This scheme simulates the continuity,
Navier Stokes and heat equation to an approximation that depends on the choice of lattice
(because the higher order moments needed for the Chapman Enskog expansion do not
necessarily coincide for the discrete and continuum case). Unfortunately, the Lagrange
multipliers cannot be expressed analytically in terms of the conserved quantities, but have
to be found by numerically solving the non-linear equation. For a regime where the Navier
Stokes and heat equation are recovered the Lagrange multipliers are well approximated by
U~uand T ~ § = 1/d(e — nu?) where d is the number of spatial dimensions.

The advantage of this scheme is that it is numerically stable for = > At. This is

ensured by the H-Theorem, because numerical instabilities lead to inhomogeneities that

would increase the H-functional.

7.5 Why our lattice Boltzmann scheme does not have

an H-theorem

The usual BGK lattice Boltzmann schemes have a polynomial equilibrium distribution. For

an isothermal model it takes the form
f? = A, + Bauav,-a + Couaua + Dduauﬁviaviﬂa (723)

where o is an index distinguishing velocities with different magnitudes. If this equilibrium

distribution is to be derived from an H-functional it has to take the form

f? = h,‘,ﬂl(a‘*’bavia)

Qs + _,1'35((1» + ba'via) + 70(61 + bavia)2

i

-J
)
N
p

= (aa + /30(‘ + 70a2) + (/3 + 27a)bozvia + 'Yababﬁviavi,@ (7.
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where the coefficients @y, B, and 7, are constants that cannot depend on n or u. To

calculate the Lagrange multipliers b, we use the momentum conservation and get for a nine

velocity model

Nnu, = Zfiovia - (2:81 + 4162 + 471 + 872)1)0

= b, = , i ) (7.25)
26, +48; + 491 + 872 |

Therefore the coefficient of the v;,v;5 term has a n? dependence for any scheme that obeys
an H-theorem. Our scheme, however (as well as all other schemes of which we are aware).

has a simple n dependence for all coefficients and, therefore can not obey an H-theorem.

7.6 Discussion

In this chapter we have been able to prove that it is possible to define a lattice Boltzmann
scheme that minimizes an H-functional. Lattice Boltzmann schemes, however, do not obey
an H-theorem automatically. The condition for a lattice Boltzmann scheme to obey and
H-theorem is rather restrictive. We have been able to prove that for our lattice Boltzmann
scheme, as well as for all other schemes of which we are aware, no functional exists that is
a monotonic function of time.

We are still investigating the possibility of defining other schemes that both obey an

H-theorem and fulfill the additional requirements needed to simulate the continuity and

compressible Navier Stokes equations.



Appendix A

Recovery of the compressible Navier

Stokes equations

It has not always been realized that lattice Boltzmann simulations can be derived in a
way that recovers the full compressible Navier-Stokes equation [1, 58]. It turns out that
the compressible Navier Stokes equations are recovered for the lattice Boltzmann method
if a specific form of the third-velocity moment is chosen. This fact was first stated by

Jorg Weimar [66]. We will derive the general set of equations for the free energy lattice

Boltzmann method.

The derivation of the macroscopic equations from the lattice Boltzmann evolution equa-
tion 2.1 in Chapter 2 was completely equivalent to the derivation of hydrodynamics from
the continuum Boltzmann equation (see, for instance, [29]). In kinetic theory the third mo-

ment is given by the condition that the heat flux for the equilibrium distribution vanishes.

The discrete analog of this result is
D [ (via = ua)(vig — up)(viy — uy) = 0. (A1)
For the continuum result ¥; is replaced by [ dz. The third moment is then given by
Z [Pviavipviy = Poptiy + Poyug + Payug + nuguptsy. (A.2)

With this we can derive the usual viscosity terms for the Navier Stokes equation from both

SO
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kinetic theory and Lattice Boltzmann alike. For the viscosity terms 2.28 we get:

O Z fPviavip + 0,3 fPviavigis
= O(Pop + nugug) + 9. (Pasu, + P,yug + Pyus + nugugus,) + O(9?)
= OnPopdin + Ji(nus)us + nusdug
+0y Poptiy + PapOyty + 04 Poyup + Poy@yug + 0y Paytiq + PgOyua
+ 0, (nuquguy ) + O(9*)

| 1
= =00 Pop0y(nuy) — 04(Pavy + natt, )ug—ntue—0y Pay — nugtiaOytug
n

+0n Pop(0yn)uy + PagOytiy + Oy Pooyuig + ParOyup+0, Patia
+ P, 0ytta + Oy (nugugu,) + O(0%)

= —0nPapOy(nuy)—0,Parug — Oy(nugu, )ug — nuau,0,ug

+0n Pop(0yn )ty + PagOytiy+0y Poyug + PoryOug +

Ppy0yua + 0y (nusupu,) + 0(82)

= —0nPap(yn)uy — OnPopndytiy + 0nPap(0yn)u,

+PagOytiy + PonOyup + PpyOyua + O(0%)

= (Pap — n0nPap)Oytiy + ParOyup + PgyOyua + 0(82)' (A.3)

These are the viscosity terms for a general free energy lattice Boltzmann scheme with a third
moment given by (A.2). In the continuum case of an ideal gas (po = nkT') or equivalently

to zero order in the derivatives (assuming that we are far from any interfaces) we have
Pop = pobap- (A.4)
Then we find for the viscosity terms
(Po — nFnpo)Oytiy + Dpolatis + Dpodpta, (A.5)

where D is the number of spatial dimensions. This is a standard compressible form of the
viscosity terms in the Navier Stokes equation.

For a nine-velocity model, however, it is not possible to impose the condition A.2. This
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is because for a nine-velocity model
> fvizvigvie = > fvie = nug # 3P + nul (A.6)

in general.



Appendix B

Derivation of the pressure tensor

In this appendix we show how the full pressure tensor (2.36) is derived. The pressure of a
homogeneous system is defined as the volume derivative of the free energy. Writing the full

volume dependence of the densitiesn = N/V and ¢ = (N4 — Np)/V explicitly we see that:

For a non-homogeneous system the pressure is no longer a scalar but a tensor. The

correct form of the pressure tensor can be derived from a Lagrangian expression for the free

energy which is minimized in equilibrium:

L= [ (6000 + 5000000 + ol [ 0 = (Na = Ng) # il [ = N). (B2)

To obtain differential equations for the equilibrium we evaluate the Euler-Lagrange equa-

tions and get

pe = —0,¥+ £0a0ap, (B.3)

We multiply these equations with dsp and dpn, respectively, write it as a divergence and

sum the equations. Remembering that g, and u, are constants, this yields

) 1, -
aﬂ(%‘oﬂwp + n.un) = _aa(d'éaﬁ + 5(00998530 - —;jaWSgaﬁ‘S‘Q(stJ/B))' (Bj)

89
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We then substitute the expressions for the chemical potential back into the equations and
subtract the right-hand side from the left-hand side to derive a tensor ¢ that has a zero

divergence:
1
Oa0ap = Ou((@0p% + n0ntp — )8ap + K(DapOap — ‘2‘8.7(’98,7@50[3 — 90,0,9845)). (B.6)

For a uniform system o,3 = Pd,; reduces to the homogeneous pressure. The divergence of
the pressure tensor must vanish in equilibrium. We therefore identify o5 with the pressure

tensor P,s.



Appendix C

Sketch of a lattice Boltzmann

program

In this Appendix we present a sketch of a lattice Boltzmann program for a two dimensional
nine velocity model. For numerical simplicity we decompose equations (2.1) and (2.2) into
a streaming and a collision step. First the densities are initialized and then the streaming
and collision step are performed. For the collision step the macroscopic variables need to

be calculated so that the local equilibrium distributions can be determined.

#define NOVEC 9 /* Number of velocity vectors */
#define X 126 /* x-dimensions of the lattice */
#define Y 126 /* y-dimensions of the lattice */
/* definition of the velocity vectors */
int iv[NovEC] [2]={{0,0},{1,0},{0,1},{-1,0},{0,-1},
{1,1},{-1,1},{-1,-1},{1,-1}}
/* definition of the relaxation times */
double TAU_f=1,TAU_g=1,
/* definition of the fields for the simulation */
double f[X][Y][NOVEC],fc[X][Y][NOVEC], _ . _
g[X][Y][NOVEC],gc[X][Y][NDVEC], /* two copies of f_i and g_i */
n[X][Y], /* total density */
phi[X] [Y], /* density difference*/
dphi[X][Y]1[2], /* gradient of density difference */
ddphi [X] [Y], /* Laplacian of density difference */
u[X][Yl[2]; /* velocity vectors */
main()
int 1;
initialize();
for (i=0;i<ITERATIONS; i++){

streaming() ;

collision(); ‘ _
/* Here one should also do something with the simulation data */

}

91
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}

/* The streaming moves the fc_i densities along the velocity vectors v_i
onto the f_i, and similarly the gc_i onto the g_i. Special care
must be taken to incorporate the appropriate boundary conditions at
the edges of the lattice. */

void streaming()

1, .
int x,y,1;
for (x=0; x<X; x++)
for (y=0; y<¥; y++)
for (i=0; i<NOVEC; i++)

{
flx]lyl [1=fc(x-iv[i1[0]] [y-iv[i1[111[i];
glx] [yl [il=gc[x-iv[i][01] [y-iv[i1 (111 [i];

¥
}
/* The collision step performs the effects of the collision from the

f_i onto the fc_i and the g_i on the gc_i. */
void collision()

{
double feq[NOVEC],geq[NOVEC];

int x,y,3;

calc_properties(f,g);
for (x=0;x<X;x++)
for (y=0;y<Y;y++)

calc_fg_eq(feq,geq,nlx][yl,glx1lyl,dglx] [yl ,ddglx] [yJ,ulx] [yl);
for (j=0;j<NOVEC;j++)

{ fclx] [yl (3] = £Ix1 [yl [j] +1.0/TAU_f*(feq[j]-£[x]1 Lyl [j1);
gclx1[y1[j1= glxl[yl[j] +1.0/TAU_g*(geqljl-glx1lyl[31);

}
}
void calc_properties(double fc[X][Y][NOVEC], double gc[X][Y][NOVECI)

{. .
int x,y,];
for (x=0;x<X;x++)
for (y=0;y<Y;y++)

¢ n[x] [yl=g[x] [yl=ulx] [yl [0]=ulx] [y] [1]=0;
for (j=0; j<NOVEC; j++)

n(x] [yl += fclxllyl(jl;

glx] [yl += gelx1lyl[jl; .

ul[x] [yl[0] += fc[x][yl[jI*evljl[0];
ulx] [yl [1] += fclx1 [yl [j1*evijIl1l;

ulx] [yl[0ol/= nli];
ulx] [yl [11/= nli];
¥
for (x=0; x<X; x++)
for (y=0; y<¥; y++)

/* Special care must be taken here to incorporate the appropriate
boundary conditions at the edges of the lattice*/
dg[x] [yl [0]=(gx+1] [y]-g[x-11[yl)/2/dx;
dg [x] [y] [11=(gx] [y+11-g[x] [y-11)/2/dx;
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ddg[x] [yl=(glx+1] [yl-2*g[x] [yl+g[x-1] [y])/dx/dx+
) (glx] [y+1]-2+g[x] [yl+g[x] [y-11)/dx/dx;

¥

void calc_fg_eq(double feq[NOVEC],double geq[NOVEC],double n, double g,
double dgl[2],double ddg, double ul[2])
{

double A0,A1,A2,B1,B2,C0,C1,C2,D1,D2,G1[2]1[2],G2[2]1[2];
double HO,H1,H2,J0,J1,J2,K1,K2,Q1,Q2;
int 1i;

\* this routine calculates the equilibrium distributions according to
the (2.54)-(2.65). *\

void initialize()

int x,y,]3;
double g,n,ul2],dgl2],ddg;
double feq[NOVEC],geq[NOVEC];

for (x=0;x,X;x++)
for (y=0; y<Y; y++)
{

/* Introduce some initial macroscopic fields as starting condition.
Could be a random distribution, a drop, a stripe with an arbitrary
flow ﬁieldé */

[0] e

ul1] .

g cee

dglo]=....

dglil=....

ddg =....
calc_fg_eq(feq,geq,n,g,dg,ddg,u);
for (j=0;j<NOVEC;j++){ ‘
fc[x][y]£j3=feq[J];
gc[xg[y][j]=geq[J];
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