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Abstract

We recall the origin of lattice Boltzmann scheme and detail the version due
to D’Humieres (1992). We present a formal analysis of this lattice Boltzmann
scheme in terms of a single numerical infinitesimal parameter. We derive third
order equivalent partial differential equation of this scheme. Both situations of
single conservation law and fluid flow with mass and momentum conservations
are detailed. We apply our analysis to so-called D1Q3 and D2Q9 lattice
Boltzmann schemes in one and two space dimensions.
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1) FROM CELLULAR AUTOMATA TO LATTICE BOLTZMANN SCHEME

e The idea of studying the evolution of a population on a discrete lattice
L can be attributed to Von Neumann (1953) and Ulam (1962). Nevertheless,
this idea became very popular with the so-called “Conway’s game of life”
described by Gardner (1970). Recall that with this kind of automata, each
node z of the lattice (r € £° when we denote by L% the set of vertices of
lattice £) can be occupied or can be unoccupied. The population at discrete
time ¢ on lattice £ is a function £ 3 = —— f(z,t) € {0, 1}. We have
f(z, t) = 0 if the vertex x € LY is unoccupied at time ¢ and f(xz, t) = 1 if
it is occupied. The evolution f(e, t) — f(e, t + 1) defines the rules of the
game. We do not enter into the details of game of life in this contribution.

e Independently of these cellular automata, the Boltzmann equation pro-
poses to determine a distribution of particles IR3xIR?x [0, +o0[> (x, v, t)
f(z, v, t) € [0, +00| satisfying a continuous evolution typically as

(1.1) % + vV, f = Q(f).

The left hand side of equation (1.1) is the advection equation with velocity
v and the right hand side is defined by the so-called collision operator (e).
This operator is local in space and mixes the f(z, v, t) for v € IR3. Tech-
nically speaking, for a given velocity v, Qf(z, v, t) is a functional of all the
f(z, w, t) for all w € IR® with fixed space z and time ¢. It is classical (see
e.g. the book of Chapman and Cooling, 1939) that the so-called equilibrium

distribution f°? that is defined by Q(f°?) =0 is a Maxwellian distribution.

e Due to the difficulties to handle equation (1.1), two important ideas for
simplifying the dynamics have been proposed. The first one with Bhatnagar,
Gross and Krook (“BGK”, 1954), consists in a linearization around the equi-
librium distribution f°4 and in replacing the collision operator by a linear
development around f°9:

(12)  QFFE(f) = Se(f—[f9),

where S is the linearized collision operator at the equilibrium:

(1.3) S = dQ(f°9).

On the other hand with Carleman (1957) and Broadwell (1964), one reduces
the space of velocities IR? into a discrete set V. Following this approach,
the Boltzmann equation (1.1) is replaced by a system of partial differential
equations. This methodology of studying Boltzmann equation with discrete
velocities has been developed by Cabannes (1975) and Gatignol (1975).

e In their pioneering work, Hardy, Pomeau and De Pazzis (“HPP”, 1973)
made the link between cellular automata and Boltzmann equation: they pro-
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posed to use a cellular automaton to solve a discrete version of Boltzmann
equation. At vertex x, a particle of discrete velocity v € V can be present.
The discrete velocities v and the time step At are chosen in such a way that if
x € L x4+ Atwv is necessarily an other vertex of the lattice. In other words,

(1.4) €L’ and vEV = z + Atv € L°.

At discrete time t, the state of the lattice is a function of the type
L0 x —— f(x,t) € {0}uV. If f(x,t) = 0, there is no particle at posi-
tion 2 and time ¢ and when f(x, t) = v; (with v; € V), there is one particle
of velocity v;. In their original work, HPP proposed to use a two-dimensional
square lattice with four velocities (a D2Q4 automaton in the technical jar-
gon of lattice Boltzmann community) and proposed rules of collision to de-
termine a discrete collision operator Q(f). The fundamental point is that
these discrete collisions satisfy locally conservation of mass and momentum,
as the physical collisions at the microscopic level. It is possible to intro-
duce density p(z, t) and momentum q(z, t) as mean values of (respectively)
|f(y, t)] and |f(y, t)| f(y, t) for y in a block of sufficient number of vertices
around the vertex x. A remarkable result of cellular automata is that classi-
cal conservation laws can be formally derived as the size of the blocks tends
towards infinity:

op q
ot ot
e With the next generation of cellular automata proposed by Frisch, Hass-
lacher and Pomeau (“FHP”, 1986) a two-dimensional triangular lattice (D2Q6)
was introduced and pressure tensor P(e, o) of relation (1.5) becomes com-
patible with isotropy of the equations of hydrodynamics. The extension to
three space dimensions (“FCHC”, D3Q24 on a four-dimensional lattice in
space-time) was proposed by D’Humieres, Lallemand and Frisch (1986). The
cellular automata suffer of a too important noise and of the fact that the
hydrodynamic transport coefficients are strongly imposed by the discrete al-
gorithm.

(1.5) + divg = 0, + div (P(p, q)) =0.

e The new idea, proposed by Mac Namara and Zanetti (1988), is to fit
closer to the original Boltzmann equation and to replace the discrete values
f(z, t) of cellular automata by a distribution of particle f; parametrized by
discrete velocities v; € V, 0 < j < J. In the following, we will denote by J+1
the number of discrete velocities : J = #) — 1, in order to label with number
“0” the null velocity. At discrete time ¢, the state of lattice £ is now a field
of the form

(1.6) L3>z — fj(x, t) € R, 0<j<J, v;€V
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and the question is to define the iteration fe(e, 1) — fo(e, t + At) in order
to “mimic” the evolution of particle distribution f through the Boltzmann
equation (1.1). Then Higuera, Succi and Benzi (1989) proposed to use a
BGK approximation of the type (1.2) for the collision operator and Qian,
D’Humieres and Lallemand (1992) introduced a polynomial equilibrium dis-
tribution f°. Due to all these modifications, the cellular automata have been
replaced by the so-called Lattice Boltzmann Equation (“LBE”). We prefer the
denomination of “lattice Boltzmann scheme” to emphasize that the result of
all this work is a numerical method. Such a scheme contains classically two
steps: (i) a relaxation step where distribution f at vertex z is locally modified
into a new distribution f* and (7i) an advection step (the advection equation
obtained by neglecting Q(f) in right hand side of equation (1.1)), based on
method of characteristic as an exact time integration operator (due to (1.4)).
Then the scheme can finally be written as:

(1.7) file, t+ At) = f5(x —v; At, t), v, eV, wzell.
We refer to Lallemand and Luo (2000) or to our lecture notes (2007) for
detailed explanation of this approach.

e In what follows, we present in the second section the lattice Boltzmann
scheme we are studying. We propose to call it Lattice Boltzmann “DDH”
scheme in honor of his inventor (D. D’Humieres, 1992) instead of the expres-
sion “multiple relaxation times” often used as in D’Humieres at al (2002). In
order to analyse this algorithm, the community of lattice Boltzmann schemes
intensively use Chapman-Enskog expansions that are not very natural in our
opinion in the framework of a completely discretized scheme. We refer for
this approach to D’Humiéres (1992) and to the new point of view proposed
by Junk and Rheinldnder (2007). We prefer to use the method of equivalent
partial differential equation proposed by Lerat and Peyret (1974) and Warm-
ing and Hyett (1974) to put in evidence formally the conservation equations
that are present under the lattice Boltzmann scheme. The section 3 is de-
voted to technical lemmas and in section 4, we extend to third order the
second order development that we have published in ESAIM (2007) and after
the second ICMMES conference (2008). We propose to apply previous ideas
to advective thermics in section 5 and diffusive acoustics in section 6.

2)  LATTICE BOLTZMANN DDH SCHEME

e We consider in this contribution a lattice £ included in d-dimensional
space IR? and a discrete velocity set V composed by ¢ = J + 1 elements
in such a way that £ is invariant by translation. On one hand, set V does
not depend on vertex x € LY and on the other hand the relation (1.4) holds.
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In order to define a “DdQq” lattice Boltzmann scheme, two steps have to be
defined: relaxation step and advection step. The relaxation step f —— f*
is local in space and a priori nonlinear. The advection step (1.7) couples
linearly a vertex x with its neighbors z +v; At for 0 < 7 < J. All difficulties
are concentrated in the relaxation step that we precise now.

e Werecall that f;(x, t) is the number of particles at position x and discrete
time ¢ with discrete velocity v; of components vf'. We denote by f (x, t) the
vector of components f;(z, t), j = 0,...,J. We construct in this section a
matrix M in order to transform linearly the vector f into a so-called vector
of momenta. These momenta can be conserved or not. First we introduce
two candidates for possible conservation: total sum of particle distribution
(or momentum of order zero) p

J
(2.1) plx, t) = ij(aj, t) = mo(z, t)
§=0

and momentum of first order ¢, with 1 <a <d:

J
(2.2) Go(z, t) = ZUJO‘ fi(z, t) = my(z, t).

We set Mp; =1 and M,; = vjo-‘ for 1 < a < d. We suppose that we
have completed the matrix M into (Mjy)o<; k<s in such a way that M
is invertible. From particle distribution f € IR? at vertex x and time ¢,
D’Humieres (1992) introduces the vector of momenta m € IR? defined by

J
7=0

e The first N momenta are supposed to be at equilibrium. In this contribu-
tion, we restrict ourselves to the case N = 1 (only one conservation law!) and
to the case N = d+ 1, 7.e. we suppose conservation of mass and momentum.
For 0 <i < N — 1, we have conservation of momentum number ¢ during the
relaxation process. The 7° momentum after relaxation, denoted by m; is
equal to m; and by definition coincides with the equilibrium value m;? also

denoted by W, :
(2.4) mf=m; =m;* =W, 0<i<N-1.

-
We construct with the above hypothesis a conserved vector W € IR"Y. For
k > N, the momentum my is not at thermodynamical equilibrium. It relaxes
towards an equilibrium value m;' which is a given nonlinear function

of vector W of conserved variables:
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(2.5) myt = Y (W), k> N.

We suppose with D’Humieres that the collision operator f —— f* is diagonal
in the basis of my. This property express that the vectors m; are eigenvec-
tors of some approximation of the linearized collision operator S introduced
in relations (1.2) and (1.3). In consequence strong physical constraints are
imposed on matrix M. Due to this hypothesis, the value of m; after collision
is given according to

(2.6) my, = (1 — sg) my + spm;", k>N, sk > 0.

Remark that s; < 0 is excluded because it corresponds to a repulsion by
my; ! and sy = 0 refers to equilibrium, considered by convention for the other
indices. It is classical (see e.g. Lallemand and Luo, 2000) that s; < 2 for
stability of forward Euler scheme (2.6). After relaxation, distribution f* is
re-constructed thanks to elementary linear algebra:

J
(2.7) fr=> M,'m;, 0<j<J.
£=0

3) TENSOR OF MOMENTUM-VELOCITY

e Following our previous contributions (2007, 2008), we introduce the so-
called “tensor of momentum-velocity” Af;p according to

J
(3.1) Ap, = Z My; My; (M~ 0<k,p £<J.
j=0

We introduce in this contribution its two “little brothers” Z¢ =t

kpg and =g
defined according to
J
(3.2) Zﬁpq = Z My; My; My (M), 0<k,pgqt<J,
o
(3.3)  Thpgr = > My My Mgy Moy (M V)50, 0<k,p,gr (<.
=0
Due to the hypothésis My; =1, we have the following elementary properties:
(34)  Af, =6, 0<p <,
(3.5) ngq = Aéq, 0<p,q, < J,
(3.6) Eépqr = Zf;qr, 0<p,qr £<J.

We have also the not so intuitive following property.
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Proposition 1.  Algebraic property.
The tensors A, Z and = satisfy the two following relations:

(3.7) d AL A, =Zp,, 0<kpgl<J.
(38) D AR AL AL =E, 0<kopgnrl<J.
s,t

Proof of Proposition 1.
We replace the tensor A in left hand side of relation (3.7) by its definition
(3.1):
Z AZp Af‘q - Z Mkj ij Mj;’1 MTV MQV Mu_ﬂl
T .3,V
= My My; 85, My, M,,!
Jv
=Y My; My; My; M)t = Zi,,  due to definition (3.2).
J
We use a similar methodology for left hand side of (3.8):

ZAZp Aiq Afr - Z Mkj ij Mj;l MSV MQV Ml/_tl Mtll« MTU Mu_ﬂl
s,t s,t7j7V,/.L

= Z Myj My 65 Mgy S, My M}

Jvp
— =
=D My My Mgy Moy Mt = Efy,,
J
using simply definition (3.3). ]

4)  EQUIVALENT EQUATIONS OF LATTICE BOLTZMANN DDH SCHEME

e We adopt the Einstein convention of implicit summation of repeted in-
dices. Recall that roman letters have to be summed over integer indices from
0 to J whereas greak letters refer to the dimension and are summed from 1
to d. We consider a lattice Boltzman DDH scheme defined by number N of
conserved quantities, an invertible matrix M and linear transformation (2.3)
between particle distribution f and momenta m, equilibrium functions

(4.1) RYsW — (W) €eR, k>N,

that define the equilibrium momenta m;? according to (2.5), the discrete
relaxation step (2.4)-(2.6) and the final advective step (1.7). In what follows,
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we fix the geometrical and topological structure of lattice £, we fix the matrix
M and the equilibrium function (e), and last but not least, we suppose
that parameters s, for £ > N have a fixed value. Then the whole lattice
Boltzmann scheme depends on a single parameter At.

e We explore now formally what are the partial differential equations associ-
ated with the Boltzmann numerical scheme, following the so-called “equivalent
equation method” introduced and developed by Lerat and Peyret (1974) and
Warming and Hyett (1974). This approach is based on the assumption, that
a sufficiently smooth function exists which satisfies the difference equation at
the grid points. The idea of the calculus is to suppose that all the data are
sufficiently regular and to expand all the variables with Taylor formula. We
have the following general framework:

Proposition 2. General development at third order of accuracy.
With the lattice Boltzmann precised previously, we have the following formal

development:
4

1 1
mF + At om”* + 5 At? 9PmF + 5 At BFmP + O(AtY) =
At?
(42) ¢ = m} — AtAL, O.m) + - Ziee OaOpmi;
At3
- Ehagy 0a030ym; + O(AL?), 0<k<J.
\

Proof of Proposition 2.
We apply matrix M (relation (2.3)) to the scheme (1.7) and obtain in this
way:
my(t + At) ZM’W (x —v;At) = ZMkj Mﬂl my(x — v At)
je

At?
= ZMkj Mjil {m Atv 0 mg + T’lia’l}ﬁa ngg

At3
— = v 0] 0] Dads0ymi + O(At“)]

At?
= 3" My M {mz — At My Oami + = Maj Mp; Oadsmj

At3 A
— T Ma] Mﬁj Mfyj 5 558 mg -+ O(At )}
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At?
y4 * / *
— AtAkJa 8amg + T Zk;ocﬁ (%ﬁlgmg

A 3
_Ttu_akalg,ya 8ﬂ8 mg -+ O(At4)

and the result comes from a classical Taylor expansion of left hand side of
relation (1.7). n

Proposition 3. Equilibrium at order zero.
With the lattice Boltzmann defined previously, we have

(4.3)  filz, t) = fi%(z, 1) + O(AL) = fi(z, 1) + O(AL), 0<j<J,
(4.4) my(z, t) = mi(z, t) + O(At) = mj(x, t) + O(At), 0<k<.J.

Proof of Proposition 3.
The relation (4.4) is clear for £ < N due to (2.4). If k > N, we apply the
relation (4.2) by restricting ourselves to order zero and we get:

(45)  my =m] + O(At), k>N.

The relation (4.5) joined with (2.6) clearly implies (4.4). Then (4.3) is a
consequence of (4.4) by applying the fixed matrix M 1. O

e We split now our study into two cases to take into account the number
N of conservation laws. We begin by the (simpler 7) case N = 1 and we will
refer to it as the “thermal problem” even if we still denote by p the associated
conservative variable, instead of total energy in a correct physically speaking
way. Then the first momentum ¢, is not at equilibrium and we denote by

o4 its equilibrium value. It is a (a priori nonlinear) fonction of the only
conservative variable p defined in (2.1). When N = d + 1, we have an
equilibrium for first momentum ¢ and we have simply ¢S = q,.

Proposition 4. First order expansion of mass conservation law.
With the lattice Boltzmann scheme previously defined, we have the conserva-
tion of mass at first order:

(4.6)  Oip + Oagy' = O(AL).
When N =d+1, ¢¢9 = q, in relation (4.6).

Proof of Proposition 4.
We have from the relation (4.2) at the order one applied with k& = 0:

p + Atdp + O(At?) = p — AtAf, 0.m; + O(AL?)
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and due to (3.4) and (4.4),
NS, Oamy = 6L 0amit + O(At) = 0,¢2% + O(At).
The relation (4.6) is established. ]

Proposition 5. Nonequilibrium momenta at first order.

For k£ > N, we introduce the so-called “defect of conservation” according to
(4.7) O = Oym;t + Ak, Oami?, E>N

and the viscosity coefficient

1 1

4.8 op = — — — k>N

48 o= -y k2

that defines a number o, which is positive due to stability condition s < 2.
We have the following first order expansion of nonconservative momenta my,
and associated momentum mj after relaxation step:

1

(4.9) mi = my, — At <§ + ak> 0r + O(At?), k>N
1

(4.10)  mp = mS + At (5 - ak) 0 + O(A#?), k>N

Proof of Proposition 5.
We consider relation (4.2) up to first order accuracy with the hypothesis that
k> N ie my #m;:

my, + Atdymy, + O(At?) = m} — AtAL, dam; + O(AL?).

Then we use definition (2.6) of momentum m; after relaxation:
sk (mr —myl) = my, — mj, = —At(@tmzq + AL, 8am§q) + O(At?)

and obtain the intermediate relation (see also our contribution, 2007)

At
myg = mzq — g@k + O(Atz) .
Then relation (4.9) is an elementary consequence of (4.8). After relaxation

we use again relation (2.6) and obtain

1
mi = (1= s)my + spms? = mi? + AL(1= =) 0 + O(A82).
Sk
Thus relation (4.10) is a direct consequence of previous relation and (4.8). [

e The viscosity coefficient o = i — % has been introduced by Hénon

(1987) in the context of cellular automata. It has been re-discovered and
explicited for lattice Boltzmann scheme by D’Humieres (1992).

10
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e The defect of conservation 6, has a natural interpretation in terms of
Chapman-Enskog expansion. Consider At as an infinitesimal parameter clas-
sically denoted as € (see e.g. D’Humiéres (1992) and introduce the associated
Chapman-Enskog expansion for the discrete particle distribution f; :

(4.11) ;= [0+ At fj + O(A#?).

In terms of moments my, we have after the linear mapping (2.3):

(4.12) my = myt + At my, + O(A#?).

If the moment of label k is at equilibrium (kK < N), we have from relation
(2.4) my =m;" and in consequence

(4.13) my = 0, k<N.

If moment my, is not at thermodynamical equilibrium, expansions (4.12) and
(4.9) are necessarily identical and it comes taking into account (4.8)

1
(4.14) my = —— O, k>N.
Sk

The defects of conservation (0;)r>n naturally define the first order term in
Chapman Enskog development of lattice Boltzmann scheme parametrized by
the time step At.

Proposition 6. Second order expansion of mass conservation law.
With the lattice Boltzmann scheme previously defined, we have the conserva-
tion of mass at second order:

(4.15) Oip + 00q%t — At oy 0ube = O(AL?).
When N = d + 1, relation (4.15) is equivalent to
(4'16> atp + 0ala = O(Atz)

Proof of Proposition 6.

e We first evaluate second order time derivative of density as a function
of space derivatives. We differentiate relation (4.6) relatively to time and
relation (4.7) with k = « relatively to space. We obtain

O(AL) = 97p + 0a0iqsd = 07p + 00 (00 — Aoy dsmi?)

(67

and we deduce the intermediate lemma:
(4.17) 07p + 0aba — Ay 0.0smyt = O(AL).
e We now apply relation (4.2) up to second order accuracy with i = 0:

Atz 2 3 * Atz 14 * 3
p—i—At@tp—l—Tatp—l—O(At ) = p—At@aanrTZOaB 8a85m£ +O(At )

11
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We have according to (4.10) with k& = o
1
@i = ¢ + At (5 =00 ) 0 + O(AE)
and we use relation (3.5) to simplify the expression of Z{, g It comes

Ziap 0a0pmy = Nog0a0smyt + O(AL).

We inject also relation (4.17) for second time derivative of density up to first
order. We deduce:

At
hp + = (AL 0a0smyt — 040,) + O(AL) =

= —0, [ng + At <% — aa> Qa} + %Aﬁg 8aaﬂmzq + O(At2>

and relation (4.15) is a simple consequence of the previous equation and rela-
tion (3.7). When momenta g, are at equilibrium (N = d+ 1), the “defect of
conservation” 6, is of order O(At) and the term Ato, 0,0, inside equation
(4.15) is of order O(At?). Thus relation (4.16) is proven and the proposition
is established. (]

Proposition 7. Nonequilibrium momenta at second order.
We can be more specific about relations (4.9) and (4.10) up to second order
accuracy for non-conserved momenta, i.e. k> N:

(4.18) mg = mzq — At (%—l—Ok) [Qk — At (Uk 0:0x + oy Al,;a 804(%)} + O(At?’)
(4.19) my = mzq + At (%—Ok) [Qk — At (Uk; 0:01 + oy Al,;a 804(9@)} + O(At?’) .

Proof of Proposition 7.
We consider relation (4.2) up to second order accuracy:

AtQ 2 3

At?
= mj — AtAL, O.m) + Tzﬁaﬁ DaOsm; + O(AL?).

We transform the expression 9?my, by deriving in time the expression (4.7).
It comes

O7myt = 0y (0 — AL, 0amSY) = 0,0, — AL, 0a (0, — Aby Dgmy?)
with implicit summation over repeted indices. Then from relaxation definition
(2.6), we obtain

sk (my —my') = my, — my, = —At 0, {mzq — At <% —|—0k> Ok}

12
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At? ¢ p AL eq
- T(atek — Afa Dabe + AL, ALy 0a05mi?)
. 1 At? .
—AtAL, 0, {mﬁ + At (5 - ag) 94 + S Zap 0adsmit + O(AF)

= —Atly + At? 04, 040y, + At? oy AL, 000 + O(AL)
by taking into account relations (4.7) and (3.7). Then relation (4.18) is a
direct consequence of above expression and of first order development (4.9).

The expresion (4.19) of momentum of order k after relaxation step follows
from analogous considerations. ]

Proposition 8. Third order mass conservation for thermal problem.
When only one conservation is present (N = 1), conservation of mass (4.15)
admits the following expression up to third order accuracy:

Bip + Ongd — At oo duba + AL [(ag - %) 0000 +

+ (aa g — %) AL aaageg} — O(AP).

(4.20)

Proof of Proposition 8.

e We first establish a second order accurate expression to second order time
derivative 97p and a first order expression for third order time derivative 93 p.
We have by derivation of (4.15) relatively to time:

02p + 000:q°Y — At oy 0,0:0, = O(AL?).
Then by inserting inside the previous expression derivation towards space of
relation (4.7):
02p + 0a (ea — AL, aﬂm?) — Atag 8adbe = O(AE)
we obtain
(4.21) 07p + Oaba — Ao 0a0smy® — Atog 0,010, = O(AL?).

We now derive relatively to time relation (4.21) and neglect the last term:
03p + 0a0i00 — ALy 000 (eg — AT awm;;ﬁ) — O(AD)

and we have established an expression of third order time derivative of density:

(4.22) 0;p + 0a0i0a — Nop0a030; + AL AL 0,030 ,m;* = O(AL).

aB " py
e We consider now the expression (4.2) up to third order in the particular
case 1 = 0 :

At? A3
0+ Atdp + TOEp + Tafp + O(At*) =

13
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At? . A
3 Zoop Dadmii = =g
We insert in left hand side the previous expressions (4.21) and (4.22) for high

order time derivatives and in right hand side the momentum ¢, with the help
of (4.10). We take also into account remarks (3.5) and (3.6). We obtain:

= p— At0,q" + Ebasy 0a0p0,m; + O(ALY).

A
At?
+ = (= 0a0iba + My 0ads 0 — Ay AL, 0,050,mi)

+ 0, { 4+ At (— —O’a> 0o — At (00 004 + 00 Af;ﬁ 830g)ﬂ

At At? .
5 AL 0a0s [mé + At (— —ag) eg] S Z, 0ap0,mi = O(AF).
We Slmphfy the above expression by taking into account relation (3.8). We

obtain:

Op + 0aqSd — Atoa Oubs + AL [aaatea ("—a b o (1 _ aa)) X

2 6 2
1 1 1/1
#48000501 (5 = o0 (5 -00) = 3 (3 -o1))| = 088
and relation (4.20) is now a consequence of elementary algebra. O

e We focus now on the case of mass conservation and d momentum con-
servations (N = d + 1). Of course Proposition 3 is still valid and we have
equilibrium at order zero (relations (4.3) and (4.4)).

Proposition 9. First order expansion of momentum conservation law.
With the lattice Boltzmann scheme previously defined and under the hypoth-
esis N = d + 1 of conservation of mass and momentum, we have at first
order

(4.23) Oida + Mg Igmyt = O(At) l1<a<d.

Proof of Proposition 9.
We detail relation (4.2) at order one for k = «. It comes

do + Atdyqa + O(A?) = go — AtAL505m; + O(AL?)
and conclusion (4.23) comes directly from (4.4). n

e We recall that, according to Proposition 6, conservation of mass can
be written as (4.16) at second order of accuracy. Moreover, expression of

14



THIRD ORDER EQUIVALENT EQUATION OF LATTICE BOLTZMANN SCHEME

nonequilibrium momenta at first order are still given according to relations
(4.9) and (4.10). We can precise now the conservation of momentum up to
second order.

Proposition 10. Second order expansion for momentum.

With the lattice Boltzmann scheme previously defined and under the hypoth-
esis N = d+ 1 of conservation of mass and momentum, we have the following
conservation of momentum at second order

(4.24) Orda + Mg gmyt — o0 At AL 5050, = O(AL), 1<a<d.

Proof of Proposition 10.

e We first precise second order time derivative of conserved variables. We
have by derivation of (4.16) relatively to time and of (4.23) relatively to space:

(4.25) 07p = Aoy 0a0sp + O(AL).

In an analogous way, we differentiate (4.23) relatively to time and replace
dym;," by expression obtained from definition (4.7):

0740 + N 0 (00 — AY 0,ms?) = O(AL).
Then
(4.26) 07qa = —Nip 030, + AL AL 930,m;* + O(At).

af “tpy
e  We consider now relation (4.2) with & = « up to second order accuracy:

At? 5
da + AtO:qy + TatQa + O(At?) =

At?

= qo — AtAL30pm; + —— Zb 5, 030,m; + O(A%).

We substitute in the right hand side the expression (4.10) of momenta after
relaxation:

At e
Outa + 5 (= Abs 00 + AL AL, 950,mi?)
. 1 At o
+ AL 0 [mgq + At (5 . ag) 94 — 5 2, 0p0ymi = O(AF)
and relation (4.24) is a direct consequence of identity (3.7). N

Proposition 11. Third order equivalent equations for fluid model.

When N = d + 1 conservation laws are present, second order conservation
of mass (4.16) and momentum (4.24) admit the following expressions up to
third order accuracy:

15
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At?
(4.27) 0ip + > Oalo — T Y ALy 000500 = O(AL?)
apBl

(0o + Y _ A 0pmi? — Y oy At AL 940,
B B

1
o) | + AL [% (ag - 6> AL 5 9,040

1
+ Z (O’g Op — E) Agg Afry 8587041 = O(Atiﬂ)’

\ lgagd.

Proof of Proposition 11.

e First, the nonconserved momenta still admit the developments (4.18) and
(4.19) as previously. Second, we precise second order and third order time
derivative of conserved variables. From (4.16) and (4.24), we have

(4.29) 07p = Ao 0a0smyt — o0 At AL 500030, + O(AL?)
(4.30) 0ip = Mg 0a0p0r — AL S AL 0a030,my* + O(AL)

af Ftpy

(431) { 02q0 = —Aly 90, + AP 5 AL 950, mS +

af " tpy

+ 0y At Ay 0,030, + O(AL?)

(4.32) 8 qa = —Ab3 0,050, + A? Af;7 9500,
— AP NS AL D50,0cmyt + O(AL).

af Ftpy

e We look for development (4.2) when i = 0:

At? At3
p + AtOp + T@fp + T@fp + O(At*) =
. At? . A .
= p— Atdagy + —- Z§ o3 0aOpmiy — - Elasy 0a0p0ym; + O(ALY).

We replace 02p and 97p by their values (4.29) and (4.30) obtained from
previous Taylor expansions, we use relations (3.5) and (3.6) and introduce
development (4.19) for nonconserved momenta. We get

At
dip + 5 (Agﬂ Dadsmi — oy AtAL, aaaﬁ@
At? .
+ = (A5 00500 — AB 5 AL 0a050,mi) + Datia

16
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At?
—|—At<——0’g>0g} + — 6
Flrst order terms vanish and we have a simpliﬁcation due to (3.7). Coeflicient
of Aéﬂ 00 0p0; At? is equal to —%Z + & L4 (a — %) = —1—12 and relation
(4.27) is established.

— 5 Al 950, |m

At
m; 2t 5 0a030,mit = O(AL).

e  We explicit relation (4.2) when k = a

At? At3
G + Atdrqa + —33% + —afqa + O(AtY) =

At2 At3

We insert the expressions (4.31), (4.32) and (4.19) of 07qn, 07qn and m;}
respectively inside the previous relation and we divide by At. We have

Orqo + % (= Al Da0c + Ay AL, D0ymi? + oy ALAL 0,050, )
%’52 (= Al 010500 + ALy AL, 950400 — ARy AD Abe D50,0cm]? )
+ AL 0 it + At (5 —o2) [0c — At (00 04s + 0 AL, 0,6,)] ]
—% 7L 5. 030, {qu A (% . ag) 94 + %’52 =5 030, 0cmSt = O(A).

We replace Z¢ apy and = aﬁvc by their values obtained from relations (3.7)
and (3.8) and four terms are droped out by this Way The coefficient of
Aaﬁ 01030, At? is equal to 5 — % —|— oy (O’g——) = 07 —% and the coefficient
of AgﬂAmaﬁa 0, At? is simply: =+ —I—Ug( p—%) +1 ( g—l) = 0p0p — %
Then relation (4.28) is proven. O

e If we compare third order mass conservation (4.20) for a single conser-
vation law and third order momentum conservation (4.28) for fluid flow, we
observe analogous coefficients of the type o7 — % and o¢op — 1—12 related to
the terms 0,030, and 00,0, respectively. Relation (4.28) contains one more
factor of the type “A” than relation (4.20). Nevertheless, a structure is clearly
appearing!

5)  APPLICATION TO ADVECTIVE THERMICS

e We begin this application with the very simple one-dimensional model
D1Q3 illustrated on Figure 1.

17
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1 2 3
o o o
X— AX X X+ AX

Figure 1. Neighboring nodes for D1Q3 lattice Boltzmann scheme.

In order to compare time step At and space step Ax, we introduce a velocity
scale A\ according to

Ax
(5.1) A= A7
A vertex z is connected with itself and with its two neighbors x — Ax and
x + Ax. Three families of particles exist in this model: fy(z, t) with null
velocity, f_(x, t) with velocity —\ and f,(x, t) with velocity +\. Density
p is defined from the f’s with the help of relation (2.1). There is only one

component of momentum:

We choose internal energy according to

)\2
(5:3) €= (f~+f4)
as the third momentum. In consequence, matrix M takes the form
1 1 1
(5.4) M=1-Xx 0 A\
2N

2 2
It is therefore easy to explicit the tensor of mementum-velocity A defined at
relation (3.1). We have for D1Q3 model

1 0 0 0 1 0 00 1
(55)  A’=(0 0 0], A'={1 0 F | A°=|0 2 0
0 0 0 0 A 0 10 2

e The application of lattice Boltzmann framework for thermal problem has
been intensively studied and we refer e.g. to the contributions of Chen, Ohashi
and Akiyama (1994), Shan (1997), Chen-Doolen (1998) and Ginzburg (2005).
In our particular case, the two last momenta ¢ and e are not conserved. We
introduce a velocity V = v A and a coefficient parameter ( in order to precise
equilibrium values. We restrict here to a linear case and these two equilibrium
values are proportional to the only conservative variable (density):

18
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(5.6) T =v\p, eq—(—p

Due to equilibrium values (5.6), defects of conservation # introduced in (4.7)
take the simple algebraic form

dp 2@ _ N 8P
(5.7)  G=vAG NI 0= T (g ax)'

We have also the relaxation parameters s;, so and the associated viscosity
coefficients o1, oo defined from the previous ones according to relation (4.8).
Then relations (2.4) and (2.6) can be summarized in a single matricial relation.
The momenta after relaxation satisfy

(58) m* = Joom y

with
1 0 0
(5.9) Jo= 1| s1vA 1-s 0
CSQ % 0 1— 59
Proposition 12. Third order equivalent equation for advective thermal

D1Q3 lattice Boltzmann scheme.
With notations explicited previously, the D1Q3 scheme defined by (1.7), (2.3),
(5.8) and (5.9) satisfy the following partial equivalent equation

(00, 0 e O
o + v )\a o1 At A\* (¢ U>81:E2
(5.10) < —At? o \3 [2(0%—E> (C—’Uz) 3
1 @p 3

\

Proof of Proposition 12.
Due to (5.6) and (4.6), we write the equivalent equation at order one:

Op dp
A— = O(At
o T UAge = OBY
and we report this expression to precise defects of equilibrium:
(5.11) 0, = (C—vz))\z@JrO(At) 0y = )\—31)(1—()@+O(At)
' te ox ’ S Ox '

We replace expression (5.11) of 6, inside relation (4.15) and obtain mass
conservation at second order:

50 dp 2
815 ‘f‘U)\a O'lAt)\ (C

0?%p

'1)2) w = O(Atz) .
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This expression for % allows us to precise 6; defined in (5.7):

op 0%p
2 2 2 2 2
(512) 0, = (C — ))\ —ax + o1 At A (C —v ) —81’2 + O(At )

We use relation (5.11) for complementary third order terms of relation (4.20).
Then conservation law at third order takes the form:

9p 9 _ 9[22 2P 202y 0P
3t+v)\8x olAtax{(C v7) A 8x+01At)\ (¢ U)axz]
1 Pp
2 2 Y/ 200 2\
AL [(01 6)( VAN (¢ —0?) 2
1 3 0% rop\]| _ 3
+<0102—E>v)\ (1—g)@<%)]_0(m>

and relation (5.10) is a consequence of factorization of At?v A3 in the previous
expression. L]

e We consider now the lattice Boltzmann scheme for a two-dimensional
application, with the so-called D2Q9 scheme. The vicinity of a node z in
lattice L is represented on Figure 2. It is composed by x itself and the eight
nodes around x following the axis and the diagonals of a square lattice.

AX

AX

Figure 2. Neighboring nodes for the D2Q9 lattice Boltzmann scheme

The moments m satisfy relation (2.3) with a 9 x 9 matrix M classically (see
Lallemand and Luo, 2000) given by the relation

20
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( 1 1 1 1 1 1 1 1 1
0 A 0 =X 0 XA =X =X A
0 0 XA 0 =X XA XA =X =)\
—4 -1 -1 -1 -1 2 2 2 2
(513) M=|4 -2 -2 —2 -2 1 1 1 1
0o -2 0 2 0 1 -1 -1 1
0o 0 -2 0 2 1
\O 1 -1 1 -1 0
o 0 0 0 0 1

1 -1 -1
0 0 0

-1 1 -1 )
It is easy to evaluate the tensor of momentum-velocity A and we have ex-

plicited it at the Annex. We have in particular the following two by two blocs
that correspond to the usefull data for relations (4.20), (4.27) and (4.28):

( 2 1 0 1 1 0
0 42 1 2 3 142
Aoy =3 A (0 1>,Aaﬁ_Aa6_O,Aa6—6>\ (0 1),

1, (1 0
4 __ A5 _ A6 __ v _ 2
(5.14) § Adp =A% =A% =0, ALy =X (o _1),

8 2 O 1
\Aaﬂ—)\ (1 0) 1<a, <2,

The equilibrium momenta are linear functions of the only conserved variable
p. It is classical (see Lallemand and Luo, 2000) to observe that by a rotation
of the coordinates, m' and m? are two components of a vector, m> and m* are
two scalars, m® and m® are also two components of a vector (the momentum
of order 3, defined from > ; vj|? v; f;, id est heat flux for fluid applications)

and m” and m® are partial cordinates of a tensor of order two. We intoduce
u and v as adimensionalized components of a given velocity and we set

(5.15) G =ulp, ¢t =vAp.

Due to the vectorial nature of m® and m®, we complete this equilibrium
distribution in setting a prior:

(5.16) met = asup, mg. = agvp.

We complete this equilibrium distribution in a very simple manner:

(5.17) mst = azp, myl =asp, m = arp, mg' = agp.

The momenta m* after equilibrium satisfy the relation (5.8) with matrix Jy
that takes into account the a priori vectorial structure of equilibrium momenta
thus in particular s; = s and s5 = sg, and is given by the relation:
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/ 1 0 0 0 0 0 0 0 0 \
uAsy 1—s1 0 0 0 0 0 0 0
VS 0 1—s1 0 0 0 0 0 0
as S3 0 0 1—s3 0 0 0 0 0
(518) JO = a4 Sy 0 0 0 1—84 0 0 0 0
asuss O 0 0 0 1—s5 0 0 0
agvss 0 0 0 0 0 1—s5 0 0
ar Sv 0 0 0 0 0 0 1—s7 0
as Sg 0 0 0 0 0 0 0 1—sg )

We have the first following property:

Proposition 13. Second order scheme for D2Q9 advective thermal lattice
Boltzmann scheme.

With notations explicited previously, the D2Q9 scheme defined by (1.7), (2.3),
(5.8) and (5.18) is equivalent to the following advective thermal model

dp Op P\ 2 p  FPp\ _ 5
(5.19) 8t+A< o 8y> N o1 At (5 s + 5 = O(AY)

if and only if the coefficients a3, a7 and ag satisfy the relations

(5.20) az = 3(u® +0v?) — 4 +6&, ar = u*—v*, ag = uv.

Proof of Proposition 13.

From Proposition 4, the relation (5.19) is true at order one, due to the par-
ticular choice of conservated momenta (5.15), (5.16) and (5.17). We apply
now Proposition 6 (relation (4.15)). We just have to evaluate the defects of
conservation #; and f2. Due to the relations (4.7) and (5.14), the only equi-
librium momenta that contribute to 6; and 65 have labels 0, 3, 7 and 8. It
comes

dp 2 8,0 A 9(az p) A? 9(az p) 5 O(as p) 2
ot +3A 2t % or T2 e TN g TOWY

and taking into account relation (5.19) at order one:

2 0 Op
(5.21) 01:(g—l—%—l—%—uz))\Qa—g—l—(ag—uv))\ 8_y+O(At)

91:’&)\

In a similar Way,
2 2
8p + )\2 8p A 8(@3 p) . A 8(0’7 p) 4+ )\2 8(0’8 p) 4+ O(At)2

b2 = vy oy 76 oy 2 oy Er

and
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op as a7y 2 op

_ _ 2 OP as ar 242 9\ 29p 2
(5:22) 6> = (as —uv) A 8x+(6 T2 v?) A 5+ 0(an”.
Then due to relation (4.15),

UaAtaaO'a:UlAt% +02Ata—y = A gglAt (w + 8_y2 +O(At>

for an arbitrary field p(e, o) if and only if ag — uv = 0 and az and a7 are
solution of the following linear system:

From the previous lines, the explicitation of az and a7y with (5.20) is clear
and the proposition is established. ]

e The expression (5.18) for coefficients a7 and ag shows clearly the natural
tensorial structure of momenta m7; and mg. Under a rotation of space of angle
+%, myr exchange sign and components and mg exchange the coordinates,
as observed in (5.18). For development of the algebraic consequences of repre-
sentations of lattice symmetry group for the conception of lattice Boltzmann
scheme, we refer to Lallemnd-Luo (2003) and Rubinstein (2006). We precise
now the equivalent equation of the Boltzmann scheme at order three.

Proposition 14. Third order scheme for D2Q9 advective thermal lattice
Boltzmann scheme.

With previous notations and hypotheses, the D2Q9 Boltzmann scheme defined
by (1.7), (2.3), (5.8) and (5.18) is equivalent at third order to the following
partial differential equation
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(dp dp op > p | p
il e At 2 L 2 F
8t + A < O + v 8y> A f o1 At 922 + 8y

—ASAt2{ é(zaf—1>§<u3 +v%> (Ap)

6 12 [ Iz
(5.23) ¢ +(3(“2+U2)+(6§—5)—a6)v8—y](Ap)
I O ROk S
+ (302 -0 +1-as) v o] (56 - 50)
+§<0108_%>[(3U2—2—a6)v3
\ + (31}2 -2 a5) u %] aizgy } O(At)?

Proof of Proposition 14.

We complete the relation (5.19) by the two extra terms present in relation
(4.20) and we take into account an expansion of defect of conservation ¢; and
62 at order 2. On one side, from (4.21), (5.21) and (5.22), taking into account
the equation (5.19), we have easily

2 2
O'1At80 JgAt%_)\2falAt Q—I—Q
(5.24) Ox oy 5 ox? aﬁy
2 A4213 9 9 3
+ 0P AN E (us + vay> (Ap) + O(AL)?.

On the other side,

o (o2 = g) nonen = o (o~ 3) [ + 5] =

= At? <a% — %)gv (g’t)) + O(At)?

= —At? <af — %) N <ua% + va%) (Ap) + O(At)?

and due to (5.24), the first four terms in (4.20) expand as the first two lines of
(5.23) at third order of accuracy. The other lines correspond to the fifth term
(O’a oy — 1—12) Aﬁﬂ 00030, of relation (4.20). We remark that due to (5.14) the
only terms that have to be taken into account concern 63, 6; and 60g. After
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some lines of elementary algebra that use explicitly the Annex, we have from

(4.7) and (5.13):

( 0
03:—)\{(3(u2—|—vz)+(6§—5)—a5)ua—g
(5.25) < 9
+ (3 (u* +v%) + (6£—5) —ag)va—g } + O(A?)
( 0, = —% {(3(u2_v2) —1—|—CL5)U%
(5.26) < X ap
+ (32 —v?) +1—ag) v o ] + O(AY).
\ dy
( Oy = A {(3u2—2—a6)v@
3 ox
(5.27) < , dp
\ + (3w —2—a5)ua—y]+O(At).
The proposition is established. ]

6)  APPLICATION TO DIFFUSIVE ACOUSTICS

e We use the D1Q3 lattice Boltzmann scheme presented in the first part of
Section 5 for simulating diffusive acoustics. Figure 1 is still valid and momenta
are still density (defined in (2.1)), momentum (see (5.2)) and kinetic energy
(c.f. (5.3)). Then matrix M proposed at relation (5.4) remains valid for this
new physical model and in consequence the tensor of momentum-velocity A
is still given according to the relation (5.5). For acoustics, density (2.1) and
momentum (5.2) are in equilibrium. Kinetic energy € admits an equilibrium
value €°? given as in (5.6) in order to respect Galilean invariance. We suppose
2

(6.1) el = C%p

The present model is linear and relation (5.8) is still valid but matrix Jy is no
longer given by relation (5.9) and we suppose now

1 0 0
6.2)  Jy = 0 1 0
(sA?/2 0 1-—s

There is only one nonequilibrium momentum, thus only one relaxation pa-

rameter and we set simply o = % — % There is also only one defect of
conservation 6 now evaluated according to
X 0p A\ Oq
6.3 0=(— — + — —.
(6:3) >0 2 o
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Proposition 15. Third order scheme for D1Q3 diffusive acoustics lattice
Boltzmann scheme.

With previous notations, the D1Q3 Boltzmann scheme defined by (1.7), (2.3),
(5.8) and (6.2) admits the following partial differential equations for conser-
vation of mass and conservation of momentum at third order of accuracy:

@ dq 1 03q

A N LA 3
G4) LS Sa-ognar sl = o@r)
2
9 L 3292 _ yepnn 28
(6.5) ot ox Ox?
' AP Pp

=S C(1-0) (602 1) 55 = O(AF?),

Proof of Proposition 15.

e We have the relation (6.4) at first order of accuracy, due to Proposition 4
(relation (4.6)). Conservation of momentum at first order is a consequence
of Proposition 9 (relation (4.23)) and of the expression (5.5) of the tensor of
momentum-velocity that implies that A?; [make attention that tensor Af;p

is labelled from 0 to 2 !] is not null only for ¢ = 2. Then

0q 0
Y4 9 7
ot % on

and the relation (6.4) is true at first order.

(1) = O(A?)

e Conservation of mass (4.27) implies that no first order term in At is
present. We deduce an expansion of the defect of conservation 6 at second
order :

A2 Oq
6.6 0 =(1-¢) = + O(A#).
(6.6) (1-0 %5 5%+ oar)
Conservation of momentum (4.24) allows to explicit the complementary term

Oy At Aéﬁ 8,30g. We have

00 A2 %0
AtA 50500 = o AtAY, — = 0 (1 —() = At — At?
oy af 8ﬁ 4 g 11 or O'( C) 2 o2 + O( )
due to relation (4.6). In consequence, relations (6.4) and (6.5) are valid at
order two of accuracy and no extra term will come from the above expression

when considering one extra order.

e We apply now relations (4.27) and (4.28). To establish mass conservation,
we have

At?
12

A2, 0% 1-¢ 83q
£ _ 2 _ 2112 3
Mop0adsly = —“5 A 55 = ——7 APX 55 + O(Ar°),
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and this complementary term closes the proof for the first equation. Concern-
ing conservation of momentum, we have on one hand
1 1 %0
2 ‘ _ 2 2
(oF ~5) s 00a00 = (o= ) b 5
1 0% /0q
_ 2 1L _ 2 9 (94 2
- (a 6) (1-ON (%) + O(A#?) due to (6.6)
1

- —(02 _ 6) 1-O)MZL 4 o),
and on the other hand

1 ' 5 1\ .o o 0%
(w oy — E) AP AL 30,0, = <0 - E) A A3 5 = 0.
The relation (6.5) is completely established and the proposition is proved. []

e We adapt now the D2Q9 Boltzmann scheme presented at second sub-
section of Section 5 for two-dimensional acoustics. Labelling the degrees of
freedom with Figure 2 remains valid and momentum matrix M is still given
by relation (5.13). In consequence, the momentum-velocity tensor A is still
obtained according to relations (5.14). This model conserves mass and the
two components of momentum. Then following Lallemand and Luo (2000),
relations (5.15) to (5.17) have to be replaced by

(6.7) mst = —=2p, my* =p, mgq:—qf, mgq:—qf, mot =mgt =0
and in consequence the matrix Jy takes the form
( 1 0 0 0 0 0 0 0 0 \
0 1 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0
—2s3 0 0 1-s3 0 0 0 0 0
(6.8) Joy = S4 0 0 0 1—s4 0 0 0 0
0 -% 0 0 0 1—s5 0 0 0
0 0o -3 0 0 0 1—s5 0 0
0 0 0 0 0 0 0 1—s7 0
0 0 0 0 0 0 0 0 1—s7 )

Due to relation (5.14), only three defects of conservation play an active role
for determining the equivalent equations. We have now (see details e.g. in
our ESAIM contribution, 2007

)
dp 2 (0qs aQy 1 aQy 0qy
6.9) fs=-2% g =2(% _ 9% o _1(%  9%)
(6:9) 65 ot U 3(8:1; ay ) =3\ T oy
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Proposition 16. Third order scheme for D2Q9 diffusive acoustics lattice
Boltzmann scheme.

With previous notations, the D2Q9 Boltzmann scheme defined by (1.7), (2.3),
(5.8) and (6.6) admits the following partial differential equations for conser-
vation of mass and momentum at third order of accuracy:

610 22 9%% 94y 1, A2 A(divg) = O(AE),

ot ' ox oy 18
2 2
0q. n A° Op A At{

0
o3 —divg + oy Aqx}

(6.11) ot 3 Ox 3 ox
— 9 <O'3+0'8—§> %APZO(At>,
dgy AN 0p N o ..
Ky 2 IP A Aty Zd A
‘ MAL2Z 0, 1\ 0 3

Proof of Proposition 16.
e We have to go step by step as in the other examples. Equation of mass
(6.10) is valid at first order. Second, due to (4.24) and (5.14),

Aaﬂ (937716 = Aa,B agm od 4 Aaﬂ (957713 + Aaﬂ (957717 + A 8gm§q

1
2. 1.y eq :_2 1o, _ 12
= 3)\ Oup + 6)\ 8a(m3) 3)\ Oup + 6)\ (—2) Oup 3)\ Oap

and relations (6.11) and (6.12) are established at first order.

e The equation of mass is exact up to second order of accuracy and we
evaluate 03 as consequence of (6.9) and (6.10) at second order:

(6.13) 03 = 2 divg + O(At?).

For momentum transfer, we have from (4.24)
o0 AtAL 5 D0 = Atog A%s D03 + o7 Al 007 + o7 A5 0|

In particular for a = 1 we have

9 or 0 (2700, O
) o3 9 or 0 Y949z 94y

0 8%/ Iz 3
ror g ( (% @))] + O(A)

)2 o3 0 o7 3
=\ At[3 o (divg) + 3 Aqm} + O(At?),
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and for a = 2

‘ ~ A |2 9 (adivg) — 279 (2(%% Oy
o0 At Ay 950, = N At | T = (2divq) < (5 8y>

0 8Qy Jqy 3
— — A
+078x< (3x+8y>>]+o( t?)

= A\? At ? g(dlvq) + EAqy} + O(AP).

These expressions prove that momentum conservation (6.11) and (6.12) is
established at order two.

e The extension to third order of accuracy follow (4.27) and (4.28). Due to
relation (4.27),

A_tQAaﬁﬁ 30, = At2 (A?’Ba dpls + Al 03000307 + A3 300 aﬁ08>
8 g L) (2 - 2)
+ 20,0, < <%§” + %—q;))] + O(At?)
_ At2 [ (3%) (%_nyﬂ + O(A

and the relatlon (6.10) is completely established. We observe now that by

derivation of (6.9) relatively to time and taking into account the relations
a

(6.11) and (6.12) at first order, we have

005 0 067 2., /0% 9% 00 2., 0%
—:——)\A — = N - = — = —=A :
ot S Y 9 (8:132 ay2) ot 9" dxoy

We consider one of the last terms of equation (4.28). We have
1 1
(ag - 6) AL, 0,050, = (ag - 6> A3 5 05 (0405)

+ (o2 - %) (AL 05(24607) + A3 05(0465)]

and for a = 1,

(ot~ )t = % (o)
2

#3555 (52— 50))
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o 2 1y O 2.5 02
A (‘77 6) ay( 9" 3x8y> + 0(AY)
A 5 1y O o 1 0
9 [(03 _> Ox (Ap) ( ) Ox (A’O)} + O(a)
and all the terms of equation (6.11) have been put in evidence. For a = 2,
we have

)\2

(ot~ )t = % (- 3) 2 (- 2w
Y ()
(ot 0) (2 ) o

Mo, 1y 0 5, 1\ 0
= 5 (8= 5) 5,0 + (7= 5) 5, (80)] + 02)
and all the terms of (6.12) have been found. We ﬁnally observe that the last

term in relation (4.28), id est > 5 ,(0c0p — )Aiﬁ Af,,y 030~0, is null
due to the particular form of tensor terms Af;p detalled in the Annex. The
proposition is proved. []

7)  CONCLUSION

e We have proposed a formal development of lattice Bolzmann schemes at
third order of accuracy, with a particular emphasis on single conservation law
(thermal model) and conservation of mass and momentum. The algebraic
calculus has a simple structure due to the efficient role taken by the so-called
tensor of momentum-velocity. This development has been applied to classical
D1Q3 and D2Q9 schemes for one and two-dimensional Boltzmann schemes.
Of course, this study can be applied to three-dimensional schemes without
any conceptual difficulty. The next idea is to generalize the determination of
equivalent equation of a lattice Boltzmann scheme at an arbitrary order for
linear Boltzmann models; this work is in preparation in collaboration with
Pierre Lallemand.
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9)  ANNEX.

Tensor of momentum-velocity for D2Q9 lattice Boltzmann scheme.

e We explicit matrices Af;p for all indices «, 8 and ¢ in the range from 0

to 8. Recall that Aip is defined from matrix M according to (3.1) and for

classical D2Q9 scheme, the matrix M follows (5.23). The result is just a
tedious exercice of calculus. We obtain
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