JOURNAL OF CHEMICAL PHYSICS VOLUME 110, NUMBER 17 1 MAY 1999

Mesoscopic model for solvent dynamics
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Complex fluids such as polymers in solution or multispecies reacting systems in fluid flows often
can be studied only by employing a simplified description of the solvent motions. A stochastic
model utilizing a synchronous, discrete-time dynamics with continuous velocities and local
multiparticle collisions is developed for this purpose. An H theorem is established for the model and
the hydrodynamic equations and transport coefficients are derived. The results of simulations are
presented which verify the properties of the model and demonstrate its utility as a hydrodynamics
medium for the study of complex fluids. @999 American Institute of Physics.
[S0021-960609)52416-1

I. INTRODUCTION degrees of freedom, whose dynamics are of interest, and the
solvent. For instance, one must be able to couple the mono-
The investigation of the dynamics of complex fluids is amer units of a polymer to the solvent or the reactive colli-
challenging task. In complex chemically reacting systemssions between molecules to the flow of the solvent respon-
many chemical species dissolved in a solvent may undergsible for their mixing.
sequences of reactions leading to oscillations or chemical A variety of mesoscopic models have been constructed
patterns: The reactive dynamics may depend on the solvenfor this purpose ranging from Langevin models that have
motions since the fluid flow fields influence the nature of thebeen employed as simple “heat baths” in MD studies of
mixing of the species. Specific instabilities have been asbiomolecule dynamicsto schemes such as Direct Simula-
cribed to flow effects, such as differential-flow-inducedtion Monte Carlo (DSMC) method€ lattice Boltzmann
chemical instabilitied. Reactions in porous media constitute methods), and extensions of hydrodynamic lattice gas au-
another example. Here one is interested in how a flow fieldomaton models°
in a complicated medium influences the reactions that may In this paper we present a mesoscopic model for simu-
themselves change the nature of the medium, for instancéating a fluid that has the desirable features mentioned above.
through dissolution reactiorisSimilar considerations apply The fluid is modeled by “particles” whose positions and
to the study of rheological properties of colloidal suspen-velocities are treated as continuous variables. The system is
sions or polymers in solutichAn especially important class coarse grained onto the cells of a regular lattice and there is
of problems concerns the conformational dynamics ofno restriction on the number of particles that may reside in a
biopolymers such as proteins in solution. cell. The dynamics is carried out synchronously at discrete
All of the above examples, and others like them, shardime steps. Particle streaming is treated exactly while the
the feature that one is interested in the detailed microscopicells are the collision volumes for a multiparticle collision
dynamics of some degrees of freedom of the system interacttynamics that differs from that of DSMC schemes. The dy-
ing with a solvent whose dynamics is essential for the phenamics satisfies the mass, momentum and energy conserva-
nomena but whose detailed properties are not of interest. Then laws and we shall show it yields the correct hydrody-
systems are sufficiently complex that a full molecular dy-namic equations. Since it is a particle model, collisional
namics(MD) simulation of the system plus solvent is impos- coupling to other microscopic degrees of freedom is easily
sible. Furthermore, the dynamics of interest often occurs oimcorporated and its application to complex system geom-
long time scales and over long distances; for example, thetries is straightforward.
relaxation times for large polymers can be very long and the  The outline of the paper is as follows. Section Il de-
distance scales for many chemical pattern forming processesribes the streaming and multiparticle collision dynamics
range from mesoscopic to macroscopic scales. that forms the basis of the mesoscale description of the sys-
In such circumstances one is led to consider mesoscopiem. The Boltzmann approximation to the full dynamics is
models for the solvent dynamics that incorporate the esserconsidered in Sec. lll; a Boltzmann-type kinetic equation is
tial dynamical properties, yet are simple enough to be simuederived, an H theorem for the evolution is proved and the
lated for long times and on long distance sc&l@hese me- Chapman—Enskog expansion is used to derive the Navier—
soscopic models must not only faithfully reproduce the mainStokes equations and determine the transport coefficients for
dynamical features of the solvent but must also be microa particular collision model. In Sec. IV simulations are car-
scopic in character to permit coupling between microscopigied out to confirm the utility of the model. The velocity
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distribution is shown to be Maxwellian and the hydrody- 5 . 5
namic flow patterns for flow past a disk are examined. The iév (Il i%v IV+ wlv;—V]||%. 5
conclusions of the study are presented in Sec. V.

We note that the elementary measuiié=1I1dx;dv; is
invariant with respect to streaming and collision transforma-
tions. For the(deterministi¢ streaming operator it follows
from the identity,

Il. STREAMING AND MULTIPARTICLE COLLISION
DYNAMICS

The system we study consistsfparticles of unit mass ax;(t+1)
with positionx; and velocityv; coordinatesj=1,2,...,N. JacobiaéT(t)
The evolution through a unit time interval is given by suc- :
cessive application of streaming and collision steps. Duringand for the collision transformation it results from the semi-
the streaming step the particle positions change in the stamletailed balance condition and phase space volume conser-

=1 (6)

dard way*! vation during rotations,
X: X‘+V‘, 1 PN/ ~
conT | 5 W [Tav=" X p@VMII v
while in the collision step particle velocities transform ac- i o, VN[ o(vN)=yN i
cording to
~ =11 dv, oV, 7
ViV Gy = V], @ [Tav 2, PNV @)

where & is a random rotation from a sé) andV is the  Wwhich is valid if the choice of the rotations is independent of
average velocity of the colliding particles. In this multipar- velocities. Herep(w|V®) is the conditional probability of

ticle collision event, the velocity vector of partidlerelative  the rotatione givenVN). In the above equation andv; are

to the mean velocityv, is rotated by a randomly chosen the post- and precollision velocities, respectively. Assuming
rotation operator to give the post-collision value of the ve-ihe validity of the ergodic hypothesis, which is supported by
locity. We shall show below that the mass, momentum andne results of numerical simulations, we conclude that the
energy collision invariants are preserved under this mumparstationary distribution is given by the microcanonical en-

We imagine coarse graining the system into Wigner—

Seitz cells centered on the nodes of a regular latticEor a
cubic lattice the Wigner-Seitz cel is defined by|x— &
<1/2, where we introduce the norfr|=maxf,x,x,) and

& denotes a lattice coordinate. These cells define the collision
volumes for the multiparticle collision dynamics. The colli-

N
2 [vi—u]), ®)
=
sions are simultaneously performed on all particles in a i ) ) )
. . . LA - . whereu is the mean velocity of the system. After integration
Wigner—Seitz cell with the same rotatias but o may dif- : I, . .
fer from cell to cell. over the coordinates and velocities of particles with

N d
PV XNy = A _‘z 12— =
(VEXTD =A% o5 & il 2)

X6

The evolution governed by Eqel) and(2) may be writ- =_2, - ..,N we arrive in the limit of largeN at the Maxwell
. L . .. distribution,

ten in the form of a Liouville equation for the probability

density, b = 1( B )dlz ” 1272 )
POVN XN 1N ¢4 1) =cpvN) XN t), 3) (VLX) =gl g7) e AUl

where where 8= (1/kgT), V is the system volume and is the

dimension. Although the correct distribution results from the
semidetailed balance condition, the computation of the trans-
port coefficients is greatly simplified if we impose detailed
balance conditions on the collision operator. In the current
context this is tantamount 8 =0 "1,

Cp(v(N),Xm),t)z 1 2 Jd\7(N)P(\7(N),X(N),t)
lof- o

N

Where X(N):(Xl,le . !XN)’ VN:(Vl,Vz, . 'VN)' \7(N) I1l. BOLTZMANN APPROXIMATION
=(V1,V2,...vy) and, L=[[Lf is the number of lattice In Sec. Il we found that the stationary distribution for the
nodes. one-particle velocity distribution was Maxwellian. In order

The evolution described by Eqél) and (2) preserves g study the relaxation to equilibrium we assume that there
total energy and momentum of the particles in each cell, agre no correlations among the colliding particles in E).

can be seen from the identities, In this case the probability distribution P is a product of
~ identical one-particle probability distributions,
2 Vi:,E (V+o[v;—V]) N
ilxeVy ilxeVy
POV XN =TT Py(vi % ,t). (10
and i=1
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In order to derive the Boltzmann equation we multiply Equation(15) preserves expectation values of integrals
Eq. () by =;8(v—V,)8(x—x;) and subsequently integrate of motion such as the density, momentum and energy. De-
overv; andx;, wherei=1, ... N. Focusing orx in cell £ noting these quantities hy*(v)=1, 7%(v)=v, and 73(v)
and accounting for all possible ways of assigninparticles = 3||v|?, respectively, we have
to the cell, we obtain

N f dvdx7*(v)f(v,x,t+1)
N
c(iv)= 2, (n)
n=1

N
_ I1 . dx,dv;Py(V; X ,t)

i=n+

- f dvdx7*(v)C(f(1))
X (0(|x— & —1/2)

| avmaxo
Vn

e’ o . 9
= f dviWdX ™ 7e(v) F(V™, XM t)
n i,én=1 Nn! Jyn
x| IT dxdviPy(vi % ,0) [A(v, V™), (11)

=1 = J dvdx J(v) f(v,x,t), (18)

where
where we used the following identities:
. 1 - .
A(v,VIM)=—— S(V=V+ o[ V—V;]) §(X—X;).
V)= gy i%ﬂ ( [V=Vi]) 8(x—x) S-S (199
(12) I 1

In writing this equation we have used the fact that we may At LN
expressP,(v; ,x; ,t) as the sum of two terms, 2,: (V=olV Vi])_zi: Vi (19b)

P(vi i, t)=P1(v; X ,1)(0(|x— § —1/2)
+0(12—|x— ), (13

whered is the Heaviside function. Particles with coordinatesfor the density, momentum, and energy conservation laws,
outside the cell do not contribute to the collision term andrespectively.

this is accounted for by the Heaviside function in the first
factor of Eq.(11). We use the fact that the prefactor in Eq.
(12) may be written as

N

Ei Iv— Zu[V—Oi]||2=Ei IIvi[12, (190

A. H theorem

. . The evolution Eq(3) involves a multiparticle collision
i:1;[+1 dx;dvi P (Vi i ,t) (6(|xi — & — 1/2) term and it not immediately clear that an H theorem exists.
We define the H functional in terms of the reduced one-

:U dx-d\V/-Pl(\V/- X 1) (0(|% — & —1/2) N=n particle distribution function,
(| I 1™ 1
p NN H(t)=f dvdxf(v,x,t)In f(v,x,t)
= ( 1- W‘f) , (14
e (g™
wherep, is the total particle number density in the Wigner- :g,nEeN nl vndV dX Iﬂl f(vi,xi,t)in

Seitz cell & In the large N limit we have C‘)(l
— (pe/N))N""= (N"/n!) e <. Incorporating the factor dfl n
into the definition f{,x,t) = NP;(v,x,t), we obtain the Bolt- Xiljl f(vi X, 1), (20)
zmann equation,

where the second equality arises from the representation of

flvix+v,t+1)=C(f(1)), (15 the system in terms of phase space cells and makes use of the

where resolution of identity =3 ,-, (e *x"/n!). In the Appendix

we show thatH(t) decreases on each evolution step so that

Zoere . . .
= _ (N gx(n (n) yn (n) o o o
cit)= 2 - Lndv dXTR(VIRLXE DAV VI, H(t)BJ dVdXf (V,x,t+ 1)In F(V,x,t+1). 21)
(16)
_ For the fixed momentum and energy expectation values
and we have defined the Maxwell distribution,
n
- - A R e
FIVW XMW =[] f(vi,x,t). 1 =—|=——=| e T
( =11 fvix.0 (17) o=yl zmcT) € T (22)

The prefactor in Eq(16) shows that the cell particle number provides a lower bound to the H functional. This follows
is Poisson distributed. from the identity,
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Time evolution of a functional of the conserved quanti-
f dxdvf(v,x)In fm(V)=f dxdvfn(V)Infn(v), (23 ties is governed by an operator given as an expansion in the

] ) small parametes,
and the inequality,

f(v,x) =3 o (32
V,X — = ,
f dxdvf(v,x)In w P
" and the gradient term in E¢28) is scaled by. The expan-
:Nf dxdvfm(v) F(v,x) N F(v,x) = (24) sion of the collision operator in a series dnis written for-
N f(v) © fu(v) mally as
Equations(18) show that the expectation values of the den- ____ N
sity, momentum and energy are conserved during evolution C(f):n;o &"Co(F). (33
under the Boltzmann equation; thus, completing the proof of L o
the H theorem. To ensure the identityJC(f))=(JT) we constrain the av-

erage of each term of the series QfC,(f))=(JT,).
By expanding the evolution E@28) in powers ofe we

B. Chapman—Enskog asymptotic expansion arrive at the following set of equations:

We derive hydrodynamical equations by using an expan-  Co(f)=C(fo)=f,, (349
sion of the reduced probability distribution in slowly varying — _
density fields. This Chapman—Enskog procetuféis based Ci(f)=11+[Do+V-V¢lfo, (34b)

on the assumption that any relevant functional can be ex- — — — — — =

panded into a series of partial derivatives of the conserved Co() =T+ Dafo+[Dot V- Velfy+3[ Dot V-Vl o.

fields. After scalingx—ex andt— et the expansion is or- (3409

dered in powers of. The solution of Eq(343 yields a local Maxwellian dis-
We rewrite Eq.(15) in terms of the average cell prob- tribution,

ability distribution f and averaged collision operatEr a2

T — (lv—ul?/2kgT)
o fo P 27TkBT e B, (35)
f(v,§,t)=f dxf(v,x,t), (25 o .
[x—g<1/2 The average of the local collision invariants overtom-
L mutes with the operatdP; so that integration of Eq.34b)
C(f)= f dxC(f). (26)  Yields
|x—g<1/2 _
Dop*=—V g {(Tfp). 36
If f is a smooth function the following relation holds op g (JIVfo) (36
The average of Eq.34¢) gives the second order correc-
f dxe"t*"‘Vf(v,x,t)zeﬁt”'veff_(v,g,t), 27) tion to the Euler equations,
|x—g<1/2

Dip¥=— T Do+ V& VI(f1+Ci(F))),
and the evolution of the averaged cell probability distribution 1P (T (_) e VI(h 1F ) o
is described by a Galilean invariant, spherically isotropicand after transformationéEuler equations are dissipation-
equation less,

etV Ve = (). (28) DlpC’:—%Vg(jaV(f_l"‘El(f_)»a (37)

It is further assumed that the reduced probability distri-where we used the conditions ¢i7*f;) and(.7¢C;(f)).

bution functionf is defined by the instantaneous spatial dis-

o oL ) »
tribution of local collision invariants7¢, C. Navier—Stokes equation

F(v,ED=T(v,p(£1)= D e (v,p(EL)). (29 In this section we apply general formulé1a—(340 to
n=0 a specific collision model. Regardless of the collision model,
The density of a local collision invariant is given by the the equation for the zeroth expansion term has the same form
average value and constitutes the Euler equations of compressible flow.
Evaluation of the averages in E@6) yields the following
p(f,t)=f AvTFEV,D=(TFEVL) (30) results for the evolution of the conserved quantities:

. " . . aptVppup=0,
and to ensure unigueness an additional requirement is im-

posed, dpU,+Vgpugu,+kgV ,pT=0, (39)
(TFa(£Vv,1))=0 for all @ and n>0, (31) aL5plul?+CpTI+V gpugl 5pul®+CppT]=0,

where J is the set of the density, momentum, and energywhereC,=dkg/2 andC,=C,+kg. The subscriptsx and8

dynamical variables introduced earlier. refer to the Cartesian coordinates and the Einstein summa-
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tion convention is used. We have dropped the subséript

avoid proliferation of notation. Algebraic manipulations
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_ - _[lel?
S = cacﬁ—a||c|| 6,p| and s,= F—Cp o

transform the above system into a set of evolution equations

for p,v, and T,
kg
o'?tua-i- UﬁVBua+ ?VQPTZO y (39b)

With the use of Eqs(399—(390) we rewrite Eq.(34b) in the
following form:

_ (mg( 0)

dlog(fo)
G (H—f,=", —p LVavep— Vgligpl+ — -

g

X

kg
Vv ug=u,V, ug— FVBpT

dlog(fo)
T

|

We substitute the explicit form o?o given by Eq.(35) and,

k
—BTVﬁuB

|:V'3UBT_UBVBT_ CU

after algebraic transformation, arrive at the following equa-

tion:
Cy(f)y—f,=f —”0”2 — Plc,V,logT
! L0 | 2kg T kg| B F g
+ = ——1 2854|V 40
kBT CBCa d”C” Ba auﬁ ’ ( )

wherec=v—u.
We define the functiom, by the relatiorh,fy,=f,. The
collision operatotC; has the following form:

%)

Cy(f)(v 2

e fdv“}‘, S(V—V; fdvm)R(“)

n

X(V(n)’\”/(n))pm(\'/(”))zl hy(V)), (41)

whereR(™ is defined by Eq(A2). Using the invariance of

the Maxwell distribution with respect to the collision trans-

formation we obtain the following relation:

* n

SR () — P - (n)
cl(f)(v)—wEQZ]n:1 Iﬂln!e Pf dv
n n
X X, S(V=V)Pp(VM) > hy(v (42)
i=1 i=1
wherev, =V+ w[v,—V].

are eigenfunctions of the collision operator and through their
eigenvalues we evaluate values of the viscosity and thermal
conductivity coefficients, respectively.

Considers;. Using Galilean invariance of the Boltz-
mann equation, without loss of generality we can choose a
stationary frame withu=0. In this casec=v and write

1 n n A A
[y 2 2 1<v.>—3 2 [vavﬁ—wvuwwﬁ

1
+wvi|awvi|,3—zuvinz(sw} 3

By using the relations&)v|xfov|y= —Vyv, and @V],)?
= (vy)2 valid for @ = =+ /2 we arrive at the following equa-
tion:

n n

1 ~
o E hl(Vi):,El

[Zvavﬁ_ ||V||25aﬁ

(44)

1 2
- ViaViB_EHVi” Supl |-

We note that the cross terms with different particle index
vanish upon integration so that we have the following ex-
pression for the eigenvalue problem:

. = pnfl
Ci(s1fo) =51 fonzl —e "(2—-n)
2(1—e "= — —
= Mslfozrnslfo. (45)
An analogous calculation fas, yields,
. e P—-1 _ _
Ci(s2fo) = Safo=r\S2fo. (46)

Using these results in Eq37) we may compute the
shear viscosity and thermal conductivity coefficients in terms
of the damping factors,, andr, as,

= pkaTs o kT (47)
7= PKp 2(1_[.7}) pKp 2(e_P—1+p)'
and
1+r, p—1+e?
1- 1+p—e?

Evaluation of the averages in E@7) yields the follow-
ing expressions for the second order terms in the Chapman—
Enskog expansion:

Equationg42) and(40) constitute a linear integral equa-

tion for h,, which can be split into two equations, one that  p ,—q, (49)

involves termsV log T and the other that depends on gradi-

ents of velocity fields. Dipug=—V ,mg,, (50)
Explicit calculations for two dimension&or d=2 and

Q={m/2,— w/2} we may show that the functions, D[ 3plul?+C,pT1= =V guump,—V 505, (51)
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where\ is thermal conductivity coefficient and the irrevers- 0.5
ible contribution to the pressure tensor and the heat flux are
given by the following expressions: 0.
77,8a=_n(vﬁua+vauﬁ_%5ﬁavyuy)v (52)
0.3
In the p,u, T set of variables the resulting hydrodynamic ar 0.2
equations have the following standard form:
1 1 fa
Mot UVt 2V apT=="Vampe (54D 10 00 10 20 30 40
VX
1 1
Cv[atT+uﬁVﬁT]+ kBTVﬁu,B: - _Wﬁavaug_ —Vﬁqﬁ . FIG. 1. Velocity distribution: Maxwell velocity distributiorgsolid line);
P p (540 histogram ofv, distribution computed in simulatiorx{step ling.

Similar calculations can be carried for other collision o N _
model. For example, in three dimensions, averaging the séflaxwell-distributed velocities with temperatufe=1 and
of all random rotationg) yields, velocity u,=0.5 to particles in the regiom<<8. Periodic

boundary conditions are imposedyrdirection. For particle

1 < - : 1 2 density p=10.0, the kinematic viscosity coefficiefd?7) is
19| |2=1 hl(v‘)_izl VaVs §”V” Oup (55 0055 and the corresponding Reynolds number Re
- =2au,/v=288.
where we used the fact that (@)=, wv|,0V]s The flow was sampled on a set of predefined points by
=3]vI?5, for the set of random rotations. averaging velocities of nearby particles with weightsr4/(

Combining Eqs(55) and(42) we arrive at the following 1 100), wherer is the distance between a test point and a

expressions for the damping factoy and viscosity coeffi-  particle. After a transient time a flow is established at short
cient: distances from the object; however, a flow tail grows indefi-

1—gf nitely until it occupies the entire system length. In experi-
r,= , (56)  ments on fluid flows for these values of the Reynolds number

the existence of von Karman streets is documéfitésee
p+l—e " Fig. 4.12.6 of Batchelgr The density of the fluid is nearly
=pkgT———. (57)  uniform and velocity randomization at the boundary elimi-
2(e"P—=1+p)

the system.
IV. SIMULATIONS OF HYDRODYNAMIC FLOWS As another illustration of the method in Fig. 4 we

In this section we present results of simulations imple- ,
menting an algorithm based on the present model. The Simuo_pment of the boundary layer at the rear of a disk suddenly

lations validate the assumpfi . S §et in motion. The system size is 40800 and the disk
ptions used in the derivation ol - . B .

) . iameter 2=100. The flow velocity ak=0, the density of
hydrodynamic equations and show that the model correctl3{he system and the Reynolds number age: 0.4, p=20.0
reproduces fluid flow behavior. Simulations have also been Y o
performed to determine the equilibrium velocity distribution
and the rate of relaxation to the equilibriutsee Fig. L 0.4

The nature of the viscous dissipation was determined by
simulating flow in the rectangular domain of width= 30,
densityp=10 and temperaturkgT=1.0. In they-direction 0.3
we impose bounce-back boundary conditions and the flow is
driven by assigning Maxwell-distributed velocities with pro- —
file uy(y)=1.2(L—y)y/L? to particles in the regiox<5. =
The results are presented in Fig. 2 and show that the profile
is quadratic to a good approximation. The small deviations
are due to energy dissipation along the channel and the dif-
ference between local equilibrium distribution and the sta-
tionary distribution in the Poiseuille flow. 0.0
The model also reproduces hydrodynamic flows on 0.0 10.0 200 30.0
larger scales. In Fig. 3 we present the results of simulations y
of flow past a disk. The system size is 36020 and the disk  rg. 2. poiseuille flow profile: The solid line is a quadratic fit to the com-
diameter 2=32. The flow is induced by assigning puted velocity distributiortriangles.

0.1
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FIG. 3. Vortex shedding in a stationary flow past circular cylinder. The dark
line segments represent tangents to the velocity field at their median poin}:.IG 4 Devel f the boundary | in i disk . .
The length of a segment is proportional to the magnitude of the velocity. - 4. Development of the boundary layer In flow past disk set in motion.

and Re= 1520, respectively. The system setup is the same as
in the simulations of von Karman streets. The initially sym-jects presented in Sec. IV are relevant for studies of the
metric flow separates from the disk and a backflow at the thg,ieractions among large colloidal particles in solution. The

far end of the disk develops. At the contact line between th?nethod has also been used to study the coupling among
normal flow and the oppositely-directed backflow, a SyStemsmall “effective’” monomer units in a polymer through sol-

g;a’r?crjgcrsslaigﬁgf r;ig\;vr;cgh ;aitﬁrRee?p?;ds into the full-scalg, dynamicg?® This is an example of the coupling of the

full molecular dynamics of a polymer chain to the mesoscale
dynamics of the solvent. Consequently one may study the
validity of existing polymer models and the influence of fluid
The multiparticle-collision stochastic model combinesflow on polymer conformational dynamics. The collision
advantageous features of both Direct Simulation Montegnodel is easily extended to treat more complex situations
Carlo and lattice gas methods for simulations of fluid flows.such as the inclusion of interactions that give rise to phase
It differs from DSMC and its variants in the nature of the segregation or reactive hydrodynamic flows. To simulate this
collision rule. In DSMC collisions in a cell are carried out effect the motion of a small number of complex solute mol-
sequentially on randomly chosen pairs of particles in the cellecules is coupled to the solvent through interaction potentials
This rule leads to eXponentia”y distributed collision times,that affect motion of the ideal partic|es during the Streaming
and the possibility of multiple collisions involving the same step while preserving the integrals of motion and the phase
particle affects the efficiency of the algorithm. In general, byspace volume. The model also may be used to probe the

allowing only pairwise CO”'.S'OHS DSMC IMposes a _h'gh dynamics on mesoscopic length scales where fluctuations
lower bound on the accessible values of the kinematic vis-

cosity coefficient, which may be important if higher Rey- may play a role in determining the character of the phenom-

nolds number flows are desired. Since it is a particle—baseﬁna'

scheme the multiparticle-collision model does not suffer 'N€ emphasis in this paper was both on the formulation
from numerical instabilities. The velocity distribution is ©f the multiparticle collision model and the development of
Maxwellian and the hydrodynamic equations are isotropic. its theoretical underpinnings, namely, the existence of an H

Because of these features it can serve as mesoscogifteorem and the derivation of hydrodynamic equations. The
model for solvent dynamics which can be coupled to a fullsimulations have served to verify the theoretical predictions
molecular dynamics treatment of solute degrees of freedonand demonstrate that the model can be used to simulate fluid
The examples of simulations of fluid flow around large ob-flows for applications to the dynamics of complex fluids.

V. CONCLUSION
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APPENDIX: PROOF OF H-THEOREM
In this Appendix we show thdil (t) defined in Eq(21)

decreases on each evolution step. The proof of th

H-theorem relies on the following convexity inequality:

2 A(s)B(s)In B(S)B(E A(s)B(s))In(E A(s)B(s)),

(A1)
whereA is normalized by2 A(s)=1.
Introducing the quantitR(" defined as

1

R(n)(\/(n)7\7(n)): ||Q

> [[l S(vi—V+o[V-V]),
wel) (AZ)

whose integral ove¥ (™ is unity, we may rewrite Eq20) as

f n
Ht= > ——| dv™Wdx™]] f(v;,x,t)
3 pn i=1

neN n!

n
xIn[] f(vi,xi,t)fd\7<“>R<”>(v”,\7<“>). (A3)
i=1

(A1) leads to the following relation:
n n
f dvRM(VO VT f(vi,x, 0in [T f(vi . x; 1)
=1 =1
=T VO XO ) InFOVM XM ), (A4)

where

n
~f(“>(\7<“),x(”),t)=f dVPR™(V™ VONTT (v, t).
i=1

(A5)
Hence, we may write

H(t)= >, igf dVWdXMTFM M XM 1)

gnen Nt Jyn

X INFMVM XM ¢y, (A6)
If we define the quantitie and ("™ as

= /(M X (MF () \7(N) y(n) )=

Z—fvndV”dX”f”(V”,X”,t)—pg, (A7)

- 1 A S
(v 0= ZJV[n—l]dvldxl' ~dvidx; - dvgdx, f

X (VXM 1), (A8)

where the hat over the integration variables in definitia8)

In each term in the above sum we exchange the order of thl‘—ainally
V(" and V(" integrations. Use of the convexity inequality ’

(ian the inequality(Al) we obtain

1 ~f(”)(\7<”),x(”),t)
_—
[T #m

=1

Ty XM t)
z

f no|\7<“>o|xn"f'<“>(\“/<“>,x(m,t) In
v

NI

> f dv™Mdx™ In f dvmdxm
12k 1z
TV XM t)
X————=0
Z
The last equality follows from the fact that the argument of

the logarithm is unity in view of the definition d. From
this inequality we deduce that

(A9)

fnd\7<“>dx<“>"f<“)(\7<“>,x(”),t)ln?<“>(\7<“>,x<“>,t)
1%

n
xf nol\“/<“>o|x<“>”f<”>(\7<”>,x<”>,t)|nzl_[ . (A10)
% =1

using the identity,

igl fvnd{/ixiz,fi(n)({/i , X ,t)ln len’fi(n)(;/i , X ,t)

n
- f VX TN X0 i z[T 1O .0,
pn i=1

we establish the following relation from EGA6):

e—pgpnfl

S| it
%

H(t)= Al

i,&neN1
o o . A o
X(v,x,1)In Z¥F ("M (v, x,t) = f dvdxc(f)Inc(f)

B o o o
=f dvdxf(v,x,t+1)Inf(v,x,t+1). (A11)

In the above expression the inequalify arises from apply-

ing inequality(Al) with A given by the Poisson distribution
A(n)=(e*P§p2’ll(n—1)!) and equality (B) follows from

the invariance of the integral with respect to translations by
the streaming transformation. Consequently, the value of the
H functional at timet+ 1 does not exceed its value at tirne
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