We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 186,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



2

Application of Lattice Boltzmann Method in
Fluid Flow and Heat Transfer

1. Introduction

Quan Liao! and Tien-Chien Jen?

1College of Power Engineering, Chongqing University, Chongqing,
2Department of Mechanical Engineering, University of Wisconsin-Milwaukee, Milwaukee
1IP.R. China

1.1 Computational Fluid Dynamics (CFD) methods
In fluid dynamics, there are three levels to describe the motion of a fluid: microscopic level,

mesoscopic level and macroscopic level [1].

On different levels,

2USA

there exist the

corresponding models to represent the fluid flow. No matter what kind of model used,
eventually each of these models should satisfy the general conservation laws, i.e.,
conservation of mass, conservation of momentum and conservation of energy in the
macroscopic world, in which the corresponding macroscopic variables (velocity, pressure
and temperature) could be measured by using various kinds of sensor.
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Fig. 1. Various approaches to describe fluid flow at different level
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30 Computational Fluid Dynamics Technologies and Applications

As shown in Figure 1 [2], the molecular dynamics (MD) method could be adopted to
describe the fluid flow at the microscopic level. At this level, all the fluids are treated as the
cluster of simple particles, such as molecule, atom and so on. All these particles are assumed
to comply with the classical Newton’s law of motion. Therefore, integrating the Newton’s
equations of motion for a set of molecules on the basis of an intermolecular potential, all the
basic information (e.g., microscopic velocities) for each particle at the microscopic level
could be obtained; After that if the coarse-grained procedure is introduced, all the
macroscopic variables (e.g., macroscopic velocities, pressure and etc.) could be evaluated.
For other models (such as dissipative particle dynamics and direct simulation Monte Carlo)
at this level, they are all off-lattice pseudo-particle methods [3-8] in conjunction with
Newtonian dynamics at microscopic level. In a word, at microscopic level, all the fluids are
regarded as cluster of simple particles and this assumption is consistent with the reality.

At the second higher level (i.e., mesoscopic level), lattice gas and lattice Boltzmann methods
treat flows in terms of coarse-grained factitious particles which reside on a mesh and
conduct translation as well as collision steps entailing overall fluid-like behavior. Therefore,
it is safe to say that the fluid is still treated as a bunch of simple particles at mesoscopic level;
and there is not any more particle motion equations, such as Newton’s law of motion,
involved except the special treatment has to be adopted for the collision procedure. At the
meantime, the coarse-grained or statistical averaging process is introduced, and then the
connections between microscopic and macroscopic variables (e.g., velocity, pressure and
temperature) are developed.

The highest level as shown in Figure 1 is the macroscopic level. At this level, the fluid is
treated as continuous medium, which means there is no space between the fluid particles
and the entire domain are fully filled. Based on the continuous assumption and Newton’s
law of motion, the Navier-Stokes equations, which are the second order nonlinear partial
differential equations (PDEs), are derived according to the general conservation laws (i.e.,
conservation of mass, momentum and energy).
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Fig. 2. Top-down versus bottom-up model

According to the methods mentioned above, it is easy to say that all of these approaches,
which are at different levels, belong to two different categories: bottom-up and top-down
models [1], as shown in Figure 2. At macroscopic level, the Navier-Stokes equations
associated with continuity equation are adopted to describe the fluid flow. For the specific
flow problem, all the boundary conditions and the corresponding initial conditions if it
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needs are usually given, after solving these nonlinear PDEs, all the macroscopic variables on
the specific interesting regions are obtained. Since the general procedure to solve such
complicated PDEs is to discretize these governing equations in the computational domain
by different methods such as finite difference, finite element or spectral method, and then
the corresponding algebraic equations are solved by iteration method for the macroscopic
variables at each mesh point in the interested region. This approach, which is based on the
macroscopic governing equations to obtain the specific discrete macroscopic variables, is
called as top-down method. Although this top-down approach seems to be straightforward,
it is not without any difficulties. In many books of the numerical solution of PDEs, the
author put much emphasis on the truncation error which is due to the truncation of Taylor
series when going from differential equations to finite difference equations. However,
engineers are usually more concerned about whether certain quantities are conserved by the
discretized form of the equations. The latter property is most important for integrations over
long time scales in a closed domain like in the simulation of the world oceans. A small
leakage would transform the ocean into an empty basin after a long time integration. In
addition, numerical instability to solve the discretized algebraic equations is another
problem of this type of numerical methods.

As compared to the top-down approach, the bottom-up method that includes all those
models mentioned above (i.e., Molecular Dynamics (MD) method, Lattice Gas Cellular
Automata (LGCA) and Lattice Boltzmann Equation (LBE) methods), are based on the fact
that all the fluids are not perfectly continuous medium, but consist of simple particles, such
as molecular, atom and so on. In MD approach, one tries to simulate macroscopic behavior
of real fluids by setting up a model which describes the microscopic interactions for each
particle as well as possible by using classical Newton’s law of motion. This usually requires
large amount of particles to describe a macroscopic behavior of the fluid flow.
Unfortunately, the complexity of the interactions in MD restricts the number of particles and
the time of integration that could be consumed in a simulation. As compared to MD, LGCA
and LBE models are quite different variants of the bottom-up approach where the starting
point is a discrete microscopic model which was developed by conserving the desired
quantities (conservation of mass and momentum). These models are unconditionally stable
(for LGCA) or exhibit good stability properties (for LBE). However, the derivation of the
corresponding macroscopic equations (Navier-Stokes equation) requires lengthy calculations
by multi-scale analysis. A major problem with the bottom-up approach is to detect and avoid
spurious invariant which is also a problem for the models derived by the top-down approach.

2. Lattice Boltzmann Equation (LBE) model

2.1 Background of LBE model

The LBE model historically is originated from a Boolean fluid model known as the Lattice
Gas Cellular Automata (LGCA), which simulates the motion of fluids by particles moving
and colliding on a regular lattice. The averaged fluid variables, such as mass density and
velocity, are shown to satisfy the Navier-Stokes equations. It has been proved that the LBE
could be derived from the continuous Boltzmann equation directly as a discrete equation, in
which velocity space is discretized with the minimum set of values. The latter derivation
implies a compatibility of the LBE with the Boltzmann equation. In other words, the
simulation of fluid flows by using the LBE method is based on kinetic equations and statistical
physics, unlike those of conventional methods which are based on continuum mechanics.
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The theoretical premises of the LBE method are as follows: (1) hydrodynamics are
insensitive to the details of microscopic physics, and (2) hydrodynamics could be preserved
as long as the conservation laws and associated symmetries of lattice are respected locally at
the microscopic or mesoscopic level. Therefore, the computational advantage of the LBE
method is attained by drastically reducing the particle velocity space to only a few discrete
directions without seriously degrading hydrodynamics. At the same time, the interactions
between particles are restricted locally (which means the LBE model has authentically
parallelism characteristic). This is possible because the LBE method rigorously preserves the
hydrodynamic moments of the distribution function, such as mass density, momentum
fluxes, and the necessary lattice symmetries [9-11].

The LBE method eliminates the time consuming statistical averaging step in the original
LGCA due to its kinetic nature. Therefore, the LBE method is able to simulate the
complicated fluid flows such as multiphase flows, chemically reacting flows, visco-elastic
non-Newtonian flows. In addition, simplified collision models are developed and used to
replace the collision operator derived from the LGCA to improve both the computational
efficiency and accuracy. It is worth noting that the simple collision model of Bhatnagar.,
Gross., and Krook (BGK) was applied to the lattice Boltzmann equation and yielded the so-
called lattice BGK model. Since the extra flexibility in this approach is to allow the removal
of the artifacts of the LGCA (i.e.,, the lack of Galilean invariance and the dependence
between velocity and pressure in LGCA), eventually this method was numerically found to
be at least as stable, accurate, and computationally efficient as traditional CFD methods for
simulation of simple single-phase incompressible fluid flows. More importantly, the
microscopic physics of the fluid particles could be incorporated as easily as in other particle
collision methods since fluid motion is simulated at the level of distribution functions. Due
to interparticle interactions such as capillary phenomena, multiphase flows and nonlinear
diffusion, many complex fluid phenomena could be simulated naturally by LBE model.

In conclusion, from a computational point of view, the notable advantages of LBE method
are parallelism of algorithm (local collision), simplicity of programming (only collision and
streaming steps), ease of incorporating microscopic interactions and the simplicity of
modeling complex geometry flow problems.

2.2 From Boltzmann equation to LBE model

The Boltzmann equation, devised by Ludwig Boltzmann, describes the statistical
distribution of particles in a fluid. It is one of the most important equations for non-
equilibrium statistical mechanics that deals with systems far from thermodynamic
equilibrium. For example, if a temperature gradient or electric field is applied on a system,
the Boltzmann equation is used to study how a fluid transports physical quantities such as
heat or charge, and to derive the transport properties such as thermal conductivity and
electrical conductivity.

It is well known that the Boltzmann equation is an integro-differential equation for the
single particle distribution function f(x,v,¢) :

atf+v°8xf+%°8vf=Q(f,f) (1)

where, v is the particle velocity, K is the external body force, f (x,v,t)d3xd3v is the
probability to find a particle in the volume d’x around x and with velocity between v and
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v+dv, and the collision integral with ¢(Q) the differential collision cross section for the
two-particle collision which transforms the velocities from {v,v:} (incoming) into {v',v}}
(outgoing) is as follows.

Qf.f)=[dwi [dao(Q)pp—vi| f(v)F(v1)-F(0) f(v1) ] @

In order to solve Eq.1, one can start with arbitrary velocity distribution and make this
distribution evolve according to the Boltzmann equation; eventually it will relax to
equilibrium Maxwell distribution or Maxwell-Boltzmann distribution

= (v—u)ﬂ ©)

D)2
(M) _ - m _
fr=flxo)=p °(2zszTj eXp{ 2T

where, py is the particle density, m particle mass, D dimension(for example, D=2 for 2D
case and D=3 for 3D case), v microscopic particle speed, w macroscopic fluid velocity, kg
Boltzmann constant, T' temperature. This equilibrium distribution is guaranteed by the
famous Boltzmann H-theorem.

One of the major problems of dealing with Boltzmann equation is the complicated nature of
the collision integral. It is therefore not surprising that alternative, simpler expressions have
been developed. The idea behind this replacement is that the large amount of detail of two-
body interactions is not likely to significantly influence the values of many experimentally
measured quantities. However, the simpler operator J(f) which replaces the collision
operator Q( f, ) should satisfy two constraints [1]:

1. J(f) conserves the five collision invariants ¥ of Q(f,f), thatis

[wid f)dxdv =0 (k=0,1,2,3,4) 4)

where, ¥, =1 for conservation of mass, ¥1,5 =v for conservation of momentum and
ws =v" for conservation of energy.
2. The collision term has the capability to lead the velocity distribution toward a
Maxwellian distribution (H-theorem)
Both constraints are fulfilled by the most widely known model usually called the BGK
approximation. The simplest way to take the second constraint into account is to imagine
that each collision changes the distribution function f(x,v, ¢) by an amount proportional to
the departure of f(x,v,¢) from a Maxwellian f*(x,v):

Jf)= a)[fM (%,0)- f(x,v,t)] = —l(f(x,v,t) - (x,v)) (5)

T

The coefficient @ is called the collision frequency and 7 is called the collision time or
relaxation time. From the first constraint it follows that

[wid ) xd = o [y f™ (x,0) Pac’v — [y f (x,0,t) dad’v) = O 6)

At any space point and time instant, the Maxwellian f* (x,v) must have exactly the same
density, velocity and temperature of the fluid as given by the distribution f(x,v, t). Since
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these values will, in general, vary with space and time, f M (x,v) is called the local
Maxwellian distribution function.

Therefore, if the external body force is neglected and the BGK model is used to replace the
collision integral, the following Boltzmann equation with BGK approximation can be
obtained:

of 1 ”:
E‘H“Vf:—;(f—f )
or
L vvavf=-2(f- 1) )

where, £ is the local equilibrium distribution or local Maxwellian distribution.

Based on the above equation, it could be seen that the mass density distribution function,
fix,v,t), depends on the space, velocity and time. At the same time, the v-space could be
discretized by introducing a finite set of velocities, v;, and associated distribution functions,
fi(x,t), which are governed by the discrete Boltzmann equation:

ofi
ot
Introducing the reference parameters such as characteristic length scale, L, the reference

speed, U, the reference density, n. , and the time interval between particle collisions, ¢, the
following discrete dimensionless Boltzmann equation could be obtained:

vv e Vfi=——(fi= 1) ®)

oF 1

i eVE=——" F-F* 9
ot %~£( ) ©)
. A A t'U .
where, ci=ﬂ, V=IV,t =——, f’zl, Ezﬁ and €=tcg.
U L L n, L

The parameter £ could be interpreted as either the ratio of collision time to flow time or as
the ratio of mean free path to the characteristic length (i.e., Knudsen number).
A discretization of the above equation is given by:

(10)

+c, i A - _ 1 <'_1;lj(eq))

where, At = % . And then, Lagrangian behavior could be obtained by the selection of the
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corresponding lattice spacing (Ax , Ay and Az ) divided by the time step to equal the lattice
P 8 P g y P q

N A A~ A

A
velocity (¢ix =—=, Ciy =Y ond i, =22 or Ci=—=).
At At

Therefore,
F(%,9,2t+At)-F(%,9,21)
At
E(&+c;,-AL,9,2,t+At)-F(%,9,2, +At)
+ .
At A - (11)
E(&,9+c;, ALzt +At)-F(£,5,2,+At)
" At
+F(§c§ s+c,, At t+%t) E(% ,5/,2,t+At)=_A1 (F-F)
At T-€
Since,
E(£+c< At,y,zt+At) E( ,5/,2,5+A5)
At
E(&,9+c;, ALzt +At)-F(%,5,2,+At)
+
At R ) (12)
F(&,9,2+c,, ALt +At)-F(%,9,2,t +At)
" At
CE(f+c, ALY +e,, AL+, ALt +AL)-F(£,5,2,E+Af)
B AE
Then,
E(%,§,2,4+5)-F(2,9,27)
AE
F(&+c,, AL g+, ALz+c, ALt+A)-F(%,5,2t+At)
+
A || ) (13)
CE(&+c, ALy +e, AL Z+e, ALt +AE)-F(2,5,2,F)
- AE
=E(£+ci.At,t-|:At)—E(£,t):_Al (F—E)
At T-€

Therefore, the two terms on the left hand side could be canceled out and thereby the method
becomes explicit. Choosing At =t., multiplying the above equation by A¢ and dropping all
carets, one obtains the dimensionless lattice Boltzmann BGK equation:

E(x+e¢-At,t+At)-F(x ,)——;(F E) (14)
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As we can see, this equation has a particularly simple physical interpretation in which the
collision term is evaluated locally and there is only one streaming step or ‘shift’ operation
per lattice velocity. This stream-and-collide particle interpretation is a result of the fully
Lagrangian character of the equation for which the lattice spacing is the distance traveled by
the particle during a time step. Higher order discretization of the discrete Boltzmann
equation typically requires several ‘shift’ operations to evaluate each derivative and a
particle interpretation is less obvious than the above one.

When a specific lattice scheme is introduced, the corresponding equilibrium distribution
function and the related coefficients could be derived. In what follows, a D2Q9 lattice will be
adopted as an example to show this derivation procedure.

0. ) (®
A

¢

) () (¢
@ @ ®
Fig. 3. D2Q9 lattice scheme

As shown in Figure 3, the corresponding lattice velocities for D2Q9 lattice are as follows:

¢, =(0,0)
Ci324= (ic,O),(O,ic) (15)

Cs5678 = (ic,ic)

The mass density, p, and the momentum density, j, are defined by the sums over the
distribution function F(x,t)

plat)= T E(x1) (16)

j(x,t)zp(x,t)-u(x,t)chi -E(x,t) (17)

For vanishing velocities, a global equilibrium distribution W; (“fluid at rest”) is defined. In
the vicinity (small Mach numbers) of this equilibrium, distribution functions could be
written as sums of the W; and small perturbations fi(x;t)

E(%,t) =W, + [, (1) (18)

With

f(x,t)| << W,.
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The W; should be positive to guarantee the positive mass density, as shown in Eq.16. They
are chosen of Maxwell type in the following sense. The lattice velocity moments up to fourth
order over the W; shall be identical to the respective velocity moments over the Maxwell
distribution as shown in Eq.3.

Thus, the odd moments vanish:

D> W, =0 (19)
=0
Z w{clﬁcl;f (20)
And the even moments read:

8
2 W, =[dv- ) (x0)=p (21)

i=0
ZWc oCip = Idv ™ (xv) v, vy=p BTé' (22)

Zchmcchcla J.dv M) (%0)v, 0,05 = p(kaj (Jaﬁé‘y& +0,,0,5 + 5a55ﬂy) (23)
Note that the last constraint (i.e., Eq.23) is more rigorous than the requirement of pure lattice
isotropy [1].

Nonnegative solutions of the above three equations, Eq. 21-23, for W; could be obtained
whenever the number of lattice velocities ¢; is large enough [1]. For the D2Q09 lattice, after
going through the calculations, one obtains

W":é 1=0 (24)
p 9
W, >4 1=1,2,3,4 (25)
p 9
W, L 1=5,6,7,8 (26)
p 36
2
kT _c” (27)
m 3

The evolution of the LBE model consists of the recurring alternation between translation to
the local equilibrium and propagation of the distributions to neighboring sites according to
the lattice velocities. From Eq.12 the dimensionless BGK kinetic equation reads

E(x+c-Att+At)=(1-0)E(x,t)+ o E(x,t) (28)
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Where, a)=1 is the dimensionless collision frequency. The local equilibrium distributions

T
E“) depend only on the local values of mass and momentum density

F (,6) = E (p(,1),.(,1)) (29)

They could be derived by applying the maximum entropy principle [1] under the
constraints of mass and momentum conservations. Up to second order in momentum
density, one obtains

w. m m m 2
FeQ) ’- _ + M et M a2 30
2 (p.d) p {p A ATy kBT{ kBT(C’ J) -Jj }} (30)

or more explicitly

2
143:%/;.{1_%.2‘_} i=0 (31)
2 2
E:%p.!1+3cic:u+§(ci;u) _%’c‘_] i=1,2,3, 4 (32)
2
1 ccou 9(c,ou) 3 W .
Ez%pl:l-l-B lCZ +2( c4 ) _Ec_z:l l=5, 6, 7,8 (33)

Based on the equilibrium distributions and lattice velocities, the lengthy and complicated
multi-scale technique (Chapman-Enskog expansion [1]) yields the Navier-Stokes equation
with pressure p= p-kI' / m, and the corresponding kinetic shear viscosity is

2 _ 2
vzﬂ 11 Ar=S 11 Atzz_wczAt:c— T—l At (34)
m\w 2 3\w 2 6w 3 2

The above given presentation of the LBE model contains all information necessary to set up

the computer code. The algorithm proceeds as follows:

1. For given initial values of mass p(x,¢) and momentum density j(«x,¢), evaluate the
equilibrium distributions F* ( p(x,t),j(x,t)) from Eq.30 or Eq.31-33, and set
E=F%.

2. Apply the kinetic equation (Eq.28), i.e.,, add the the (non-equilibrium) distribution
function F(x,¢) and the equilibrium distribution function F (x,t) with the
appropriate weights (1-®) and @, and then propagate it to the next neighbor (except
for the distribution of ‘rest particles” with ¢y =0).

3. Evaluate the new values of p(«,¢) and j(x,t) from the propagated distributions
according to the corresponding definitions, Eq.16 and Eq.17.

4. Check the convergence criterion and calculate the new equilibrium distributions with
the latest values of p(«,t) and j(x,t), and then go back to the second step of the
algorithm until the convergence criterion is satisfied.
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As shown in BGK-LBE model, the collisions are not explicitly defined like that in LGCA, but
are accomplished by the transition to local equilibrium (the term a)-(F,-(eq)(x,t)) in the
kinetic equation).

2.3 Incompressible D3Q27 LBE model

For the 3D fluid flow problem, the lattice D3Q15, D3Q19 and D3Q27 are commonly adopted
for the different situations. However, since the lattice D3Q27 has more isotropy than other
3D lattice schemes, it is more stable and more accurate than other 3D schemes for the same
fluid flow problem. Therefore, in what follows, the D3Q27 lattice model will be used as an
example to show how to develop the incompressible LBE model.

19
10
24
o P =719

,»*< .

25
21 X

8
Z

26

Fig. 4. D3Q27 lattice model

For the D3Q27 LBE model as shown in Figure 4, the corresponding discretized Boltzmann
equation and equilibrium distribution functions are as follows:

fo(x+es-Abt+At)— fo(x,t) = —%[fa(x,t)— f;ezn(x,t)] (35)
i) =wap{1+c%ea'u+2;z4(ea°u)2 —%(uou)} (36)

Where, e, is the discrete velocity, ¢ =Ax / At the lattice speed, w the macroscopic velocity,
@, the weighting factors, and Ax and At are the lattice constant and time step, respectively.
The lattice velocities and corresponding weighting factors for equilibrium distribution
functions are as follows:

(0,0,0), a=0
. - (£1,0,0)c,(0,£1,0)c,(0,0,%1)c, a=1,2,..,6 )
“|(£1,41,0)c,(0,£1,41)c,(£1,0,41)e, «=7,8,..,18

(£1,%1,+1)c a=19,20,..,26
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8/27, a=0

207 a=12..6

- 38
V154 @=78 ...18 (38)

1216, =19 20,....,26

Using the Chapman-Enskog expansion, the viscosity in the corresponding Navier-Stokes
equation could be derived based on the Eq.35-38.

NE/IR AN -

This choice for the viscosity makes the BGK-LBE scheme formally a second order method
for solving compressible fluid flow and the fluid flow problem could be solved by the
following two steps:

Collision step:

Fult)= fulwt) — [ fulmt)~ 7 (x1)] (o)

Streaming step:

fo(x+e,-Att+At)=f (x,¢) (41)

Where, f_ denotes the post-collision state of the distribution function. Note that the
collision step is completely local, and the streaming step is uniform and requires little
computational effort.

It is worth mentioning that the above equations are based on the compressible fluid flow
assumptions, i.e., the density is one of the independent variables. Since the incompressible
fluid assumption is widely used in the real industrial applications and the corresponding
error is small enough and acceptable, the incompressible LBE model is necessary to derive
for the industrial applications. Because the pressure could be treated as an independent
variable instead of density, the incompressible D3Q27 LBE model [12] could be obtained
through the following procedures.

It is well understood that in an incompressible fluid the density is approximately a
constant, py, and the density fluctuation, dp, should be of the order O(M 2) in the limit of
Mach number M — 0 [13]. If we explicitly substitute p=p,+dp into the equilibrium
distribution function, £{”, and neglect the terms proportional to dp(u/c),and dp(u/ 0)2 ,
which are of the order O(M 3) or higher, then the equilibrium density distribution function
becomes:

£l :a)a{p+po L%ea'u+2ic4(ea°u)z —z—iz(uo u)}} (42)

If a local pressure distribution function, p, =c: f,, is introduced into the above equilibrium

equation, the pressure representative equilibrium equation for an incompressible fluid could
be evaluated as follows:
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2
) ) e,ou) 9(e,ou) 3u
P = fi = @ {p+po st 2 )+E( = ) e (43)

Where, c; is the speed sound, and ¢, = < for D3Q27 model, py is the average pressure and
the equation of state for this incompressible fluid is p=cip . Accordingly, the evolution

equation of the LBE system for the incompressible fluid becomes,

Do (X+ €y ALt +At)—po(x,t) = —1[ o (%,8) - p? (x,t)} (44)
T
The macroscopic parameters of pressure, p , and velocity, u, are given by
pP= Pa (45)

Do = Z (9.2 (46)

Since the equilibrium equation and evolution equation (i.e., Eq43 and Eq.44) for
incompressible fluid have been obtained, the pressure representative incompressible LBE
system could be solved by following the same procedure (i.e., collision and streaming steps
as mentioned before) as the density representative compressible LBM in Eq.40 and Eq.41.

3. Thermal Lattice Boltzmann model

In the past 15 years, there has been rapid progress in developing the method of the lattice
Boltzmann equation (LBE) for solving a variety of fluid flow problems. However, the effort
for construction of stable thermal lattice Boltzmann equation (TLBE) models in order to
simulate heat transfer has been initiated more recently. McNamera and Alder first
succeeded in simulating heat transfer phenomena by adopting multispeed thermal fluid
lattice Boltzmann models [14]. In general, the thermal lattice Boltzmann models could be
classified into two categories: the multispeed or double-population model [15] and the
passive-scalar approach [16].

3.1 Multispeed approach for thermal lattice Boltzmann model

The multispeed approach or internal energy density distribution function (IEDDF) model is
also called double-population method. In this approach, an independent internal energy
density distribution function was introduced to obtain the temperature field. Therefore, two
independent density distribution functions, i.e.,, mass density distribution function and
internal energy density distribution function, are adopted to describe the fluid flow and heat
transfer, respectively. As compared to the passive-scalar method, this model can exactly
recover the energy conservation equation for compressible fluid flow at the macroscopic
level, i.e., the viscous dissipation and compression work done by the pressure could be
taken into account in this method.

Since the different independent density distribution functions are adopted to describe the
fluid flow and heat transfer, these two density distribution functions may not share the
same lattice model (or lattice velocity) and corresponding equilibrium distribution
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functions. For example, in the 3D case the fluid flow might use D3Q27 lattice model,
however, the internal energy could use D3Q19 or higher lattice model and associated
equilibrium distribution function.

For the incompressible thermal problem, He et dl. [17] proposed two distribution functions:
mass density distribution function and internal energy density distribution function. The
governing equations for these two functions are:

(s + €ut 4 At) — fi(%,8) =~ fu(%,8) = £ (w,t) |+ 5 F 47)
Go(X+e ALt +At)— go(x,8) = —Ti[ga (x,¢) - gi? (x,t)] (48)

Where, F is an external body force term, 7,and 7r are the fluid flow and heat transfer
relaxation times, respectively.
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Fig. 5. D3Q19 Lattice Model

As shown in Figure 5, the D3Q19 lattice model is presented. The corresponding lattice
velocities [18] of D3Q19 lattice model are defined as:

(0,0,0), a=0
e, =+(+1,0,0)c,(0,%1,0)c,(0,0,%1)c, a=1,2,.., 6 (49)
(£1,%£1,0)c,(0,+1,+1)c,(+1,0,41)c, =7, 8,...,18

And the associated mass density equilibrium distribution functions are given as:

e 3 9 3
fle = ap|:1+c—2€a.U+F(ea.u)2_?(u.u)} (50)

The weighting factors for each lattice direction are:
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1/3, a=0
w,=<1 /18, a=1,2,....,6, (1)
1 /36, a=7,8,...,18

In this model, the ﬂuid2 pressure is determined by the equation of state p=c’p and the

sounczi speed is ¢’ =—, the viscosity in this model is calculated from the equation
v=—|17,——=|At, in which 7, is the fluid flow relaxation time. The corresponding mass

density and macroscopic velocities could be evaluated by the following equations:

p=2.1 (52)

Usually, the higher order quadrature for velocity is required for the thermal LBE model as
compared to the fluid flow LBE model. Following the similar procedure of fluid flow LBE
model, the LBE thermal models could be derived by properly discretizing the continuous
evolution equation (Boltzmann equation) for the internal energy density distribution in
temporal, spatial and velocity spaces. Therefore, the continuous equilibrium distribution
function for the internal energy density distribution function can be represented by [19]

e’ [ez ZJ(eou) (eou) uZ}

(eq) p€ e + - + -
DRT \DRT D) RT 2(RT)2 2RT

2
" (22RT)" eXp[_ 2RTJ

(54)
2
pe e
+ J—
(2zRT)"" eXp( ZRTJ

[ e _D+4j(eou)2_( e _D+2] u’

DRT D )2( RT)2 DRT D )2RT

The zeroth- through second-order [17] moment of the second term in the above equation
vanishes. Consequently, this term can be eliminated without affecting the recovery of the
macroscopic energy equation from the energy evolution equation. The zeroth- through
second-order moment of remaining part of the energy equilibrium distribution involves
only zeroth- through fifth-order moment of Jf’” exp(—é‘2 )df = wa.&i' . Therefore, the third-
order Gauss-Hermite quadrature is still valid. Thus, the same lattice models for the internal
energy density distribution function as those used for the mass density distribution function
can be adopted (e.g., D3Q19 lattice model). At the same time, it can be seen from the thermal
equilibrium distribution function that after omitting the second term, the equilibrium
internal energy density distribution function has the similar form as the equilibrium mass
density distribution function. Following the same derivation procedure, the equilibrium
internal energy density distribution functions for D3Q19 can be obtained.

(55)
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e,),ou2 2
';)g 1+e“;u+z( S )—%u—z (56)
c c c

g\ =

2
) _PE|H 4CaU 9( W) 3w 57
718 =30 2 2 & 2 ¢? 7)

The internal energy is related to the temperature by £=3RT /2, where R is the gas
constant. Then the macroscopic density, velocity and temperature could be evaluated by

p= fu (58)
p-u=y e f (59)
p(3RT /2) Zga (60)

The corresponding thermal diffusivity & for D3Q19 model is determined by

a:g(ﬁ —%jAt (61)

3.2 Passive-scalar approach for thermal lattice Boltzmann model

The passive-scalar approach [16] utilizes the fact that the macroscopic temperature satisfies
the same evolution equation as a passive scalar if the viscous dissipation and compression
work done by the pressure are negligible. Therefore, in the passive-scalar thermal LBE
model, the temperature is simulated by using a separate distribution function which is
independent of the mass density distribution, however, this independent distribution
function shares the same lattice model and equilibrium distribution functions with the mass
density distribution function, this is different than the double-population method or
multispeed LBE thermal model.

The main advantage of this method is the enhancement of numerical stability as compared
to the previous multispeed thermal lattice Boltzmann model. It has been shown that this
passive-scalar method has the same stability with the fluid flow LBE model. However, since
the temperature distribution function shares the same lattice model and equilibrium
distribution functions with fluid flow LBE model, the viscous dissipation and compression
work done by the pressure can not be taken into account in this model.

The passive-scalar thermal LBE model is originated from the multiple component LBE
model with interparticle interaction [20], which was developed for the simulation of
multiphase flow and phase transitions. In the multiple components LBE model, the
components can be miscible or partially immiscible depending on the strength of the
interaction. When the interaction is weak or in a single phase region of a multiphase system,
this model can be used to simulate diffusion due to various driving mechanisms [21]. In this
passive-scalar approach, the distribution function of each component evolves according to
the discretized Lattice Boltzmann equation. The same form of the equilibrium distribution
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function is used for all the components except that density and velocity are calculated
separately for each component. In the absence of any interaction and external forces, the
distribution functions of all the components were assumed to have a common velocity w’,
and the conservation of the total momentum at each collision requires that

" = ZS: MeNsls i MmsNes (62)

o=1 TO‘ o=1 TO‘

Where S is the number of components in the system, m,, 7sand n, =2n3 are the
molecular mass, the relaxation time, the number density of the component o ,‘respectively.
And monsus = ngngea is the momentum of component ¢ calculated from its distribution
function ng . Whenthe force term, E,, applied to component o, the momentum has to be
correspondingly increased, and this was done by replacing velocity in the equilibrium
distribution functions with the summation of old velocity and related velocity increment.

The force F; in general includes both interparticle forces and external forces.

In the most general multiple components LBE model with interparticle interaction and
external forces, there are three types of diffusions due to different driving mechanisms [21].
They are ordinary diffusion, pressure diffusion and forced diffusion. With the equilibrium
distribution functions, the pressure diffusion does not appear. If a common acceleration is
applied to all the components, namely F; = p,g, forced diffusion is also absent. The only
type of diffusion left is the ordinary diffusion due to concentration gradients which obeys
Fick’s Law. In addition, a component (e.g., component S) can be made to behave as a passive
scalar by setting its molecular mass to zero together with its interaction with all the other
components. Therefore, this component will not contribute to the total momentum of the
mixture. It is simply advected “passively” and diffuses into the main flow, having no effect
on the flow. Similar to the kinetic viscosity in fluid flow LBE model, the corresponding
thermal diffusivity in the passive scalar model is defined as:

c? 1
o=—|1p—— |At 63
3[T 2] (63)

Where, 77 is the corresponding heat transfer relaxation time.
Since the viscosity in the LBE model is defined as

2
v=fz-Lla (64)
3072

Therefore, the corresponding Prandtl number of the fluid is

Pr=2= 27, -1
o ZTT—l

(65)

In a word, to compare these two thermal LBE models, it is easy to make the conclusion that
the passive scalar method is much easier and better than multispeed approach if the viscous
dissipation and compression work done by the pressure can be negligible.
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4. Boundary treatments for LBE model

In the previous sections, the fluid flow lattice Boltzmann equation model, the thermal lattice
Boltzmann model and corresponding algorithm to solve for the macroscopic variables (i.e.,
velocity, pressure and temperature) are demonstrated. In order to properly proceed the
algorithm and eventually get the meaningful results, special attentions must be paid at the
boundary treatments, which is as important as it usually does for solving the Navier-Stokes
equations by finite difference, finite elements or any other top-down models.

For the top-down model, since it starts with macroscopic variables, such as velocity,
temperature, pressure, and ends up with the same macroscopic variable distributions. It is
straightforward to specify the macroscopic variables on the boundary to the corresponding
algebraic equations. However, for the bottom-up models (such as LBE model, MD model),
all the calculations are proceeded at the microscopic or mesoscopic level and we do not have
the corresponding microscopic or mesoscopic information to specify, but only the
macroscopic boundary information in the computational domain. Therefore, how to
develop the connections between the microscopic or mesoscopic and macroscopic levels on
the specific physical boundaries is one of the necessary steps before these bottom-up
methods can be used to do some real case simulations.

Specifically, for the LBE model, since the calculation process is very simple, i.e. , streaming
and collision, the boundary treatment schemes focus on how to find out the directional
density distribution functions on the boundary nodes pointing from outside of domain (or
solid) to inside of computational domain (or fluid). However, the difficulties arise from that
are there is no essential information provided by streaming process at the previous time
level on the boundary nodes, and how to transfer the macroscopic information (e.g., velocity
and pressure) to the mesoscopic information, i.e., density distributions functions for the
boundary nodes.

4.1 Periodic boundary scheme

The simplest boundary condition is “periodic” in that the system becomes closed by the
edges being treated as if they are attached to opposite sides, as shown in Fig. 6. The
highlight dashed edges at circumference of cylinder are attached seamlessly.

Fig. 6. Periodic boundary illustration
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In the literatures, most early papers used these periodic conditions at inlet/outlet boundary
along with bounce back boundaries at wall. In simulating flow in a duct for example,
bounce back boundaries would be applied at the duct walls and periodic boundaries would
be applied to the “open” ends of the inlet and outlet cross sections.

Fully periodic boundaries are also useful in some cases (for example, simulation of an
infinite domain of multiphase fluids). In this case, the computational domain topology is
like a torus, i.e., there are no specific edges or all the edges are connected together in the
specific direction.

The implementation of periodic boundary treatment is very easy. On the streaming step,
once the computational boundary nodes are detected, the boundary neighboring nodes,
which lie outside of computational domain, will be pointed to the appropriate nodes on the
opposite boundary in the same orientation.

4.2 Bounce back boundary scheme

As shown in Figure 7, the so-called bounce back scheme is when a particle reaches a wall
node, the particle will scatter back to the fluid nodes along its incoming direction. The
collision process does not occur at the boundary, but only at the internal fluid region.

1. Pre-stream t=t 2. Post-stream t=t

Fluid ° Fluid

.:;.:...Solid ./V\..Solid

3. Bounce back t=t 4. Post-stream t = t+At

Fluid Fluid

AR Y

Fig. 7. lllustration of bounce back boundary treatment

In order to apply the bounce back boundary, the entire solids will be separated into two
categories: boundary solids that lie at the solid-fluid interface and isolated solids that do not
contact with the fluid. With this division, it is possible to eliminate unnecessary
computations at inactive nodes, i.e., isolated nodes. For example, this treatment could be
particularly important for the simulation of fluid flow in fractured media, where the fraction
of the total domain occupied by the open space accessible to fluids might be very small.
Since bounce back boundary treatment is particularly simple, it has played a major role in
making LBE model popular among modelers interested in simulating fluids in domains
characterized by complex geometries such as those found in porous media. The beauty of
this boundary scheme lies in that one simply needs to designate a particular node as a solid
obstacle and no other special programming treatment is required. Therefore, it is trivial to
incorporate images of porous media for example and immediately conduct the fluid flow
simulation in them.
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It has been found that the slip velocity between boundary surface and fluid is zero at the
boundary as long as the momentum dissipated by boundaries is equal to the stress provided
by the fluid, no matter what combination of distributions is chosen. Therefore, the bounce
back boundary scheme would inevitably generate a nonzero slip velocity between the
boundary surface and the fluid at the boundary because the collision step just happens only
in interior fluid region. In addition, it has been already confirmed that the bounce back
scheme is only of first order in numerical accuracy at the boundaries, which degrades the
LBE, because the numerical accuracy of the LBE is of second order in the interior points.
Even though there are different versions of bounce back boundary scheme (e.g., modified
bounce back scheme, in which the collision process is introduced at the boundary nodes,
and bounce back scheme with the wall located halfway [22] between a fluid node and a
bounce back node) and the accuracy of these schemes was improved a lot as compared to
the original bounce back boundary scheme, the no-slip velocity still exists except the case in
which the relaxation time is 1.

4.3 Von Neumann (Flux) boundary

Von Neumann boundary conditions specify the flux at the boundaries. For example, in 2D
case, a velocity vector consisting of x and y components is specified from which
density/pressure is computed on the basis of conditions inside the computational domain.
Only the macroscopic density/pressure and the unknown directional density distributions
need to be computed. After the streaming step, there are three unknown directional densities
at each lattice node pointing from the boundary into the computational domain, i.e., the
highlighted density distributions fi, f7 and fz as shown in Figure 8. These unknowns can be
solved in a way that maintains the specified macroscopic velocities at their lattice nodes.

@ ®

A
Solid
LLLLGLLINGY L LG L L L L L
Fluid

®

Fig. 8. Von Neumann Boundary for D2Q09 lattice

As shown in Figure 8, assuming the boundary conditions are vertical velocity u, =u,o and
horizontal velocity u, =0 . After streaming at solid-fluid boundary, there are three unknown
directional density distributions, i.e., fi, f7 and fs. The other distributions are already known
because they arrived from other nodes inside the computational domain. Four equations are
needed to solve for p, fi, f7 and fs.

The macroscopic density formula can be written as:

p=X 1 (66)
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By considering the individual f5 that can contribute to x and y velocities, the equation for
macroscopic velocity is:

1
=— o€Co 67
ol s .

This gives two equations, one for each direction:
X-direction:

O=fi-fi+tfi-fi-f+f (68)

and
Y-direction:

pPuo=f—fatfs+fo—fr—Fs (69)

A fourth equation can be written by assuming that the bounce back condition holds in the
direction normal to the boundary

fm = fi= £ (70)

as proposed by Zou and He (1997) [23].
Based on Eq.66, Eq.68, Eq.69 and Eq.70, the four unknowns ( p, fi, f7 and fg) can be solved as

follows:

p:fo+fl+f3+2(fz+f5+f6)

1+uy0 (71)

fimfom B+ £ = fo =2 pot 72)
fi= v (fim )= pown (73)
fimf= (i f)=2p e (74)

To briefly summarize the procedure, a velocity is specified at the boundary and solve for the
macroscopic density and three unknown directional density distributions by Eq.66, Eq.68,
Eq.69 and Eq.70. The equations come from the usual macroscopic variable formula and the
assumption that bounce back is still satisfied in the direction normal to the boundary.

4.4 Dirichlet (pressure) boundary

Dirichlet boundary conditions specify the pressure/density at the boundaries. The solution
for these boundaries is closely related to that discussed above for the velocity boundaries. A
density po is specified from which velocity is computed. Since the relationship between
mass density and pressure can be corrected by equation of state, specifying density is
equivalent to specifying pressure.
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Assuming velocity tangent to the boundary is zero and solve for the component of velocity
normal to the boundary. In 2D case, the velocity and a proper distribution function at the
boundary nodes need to be determined (as shown in Figure 8). After the streaming step,
there are still three unknown directional density distributions at each lattice node pointing
from the boundary into the computational domain. These unknowns can be solved in a way
that maintains the specified pressure/density p, at their lattice nodes.

Given the boundary condition p = py and the known directional densities (fo, fi, f2, f5, f5, f6),

four unknowns (w,, fi, f7 and fg) need to be solved. Similarly, this can be done by:
Macroscopic density equation:

m=§ﬂ (75)

Macroscopic velocity:
O=fA-f+Ffi-fo—-fr+1s (76)
pouy =fr—fat+fs+fo—fr—fs (77)

And the assumption that bounce back [23] still holds in the direction normal to the
boundary:

fo= " = fi~ £ (78)

Based on the above four equations (i.e., Eq.75-78) to solve the four unknowns (u,, fi, f7 and
fz), it yields:

JhitfitAr2(fi+ it f)

u, =1 ~ (79)
fi=f- "+ =f —%pouy (80)
fi=for=(fimfi)-2 1)
fi= -5 (fi- )2 52)

It can be seen that the calculation procedure is similar to the Von Neumann boundary case.

4.5 Extrapolation boundary scheme

Since the lattice Boltzmann scheme can be regarded as a special finite difference of the
kinetic equation, this scheme allows us to use the extrapolation scheme for the boundary
[24], which is similar to the approach for boundary conditions used in traditional finite
difference schemes. The idea of this procedure is as follows: for any given fluid flow, it is
assumed that there is one additional layer of sites, beyond the boundary, inside the wall
(such as layer F-G-H as shown in Figure 9).
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Fig. 9. Extrapolation boundary scheme for D2Q09 lattice

At each time step after the collision for the nodes on the lattice (which include inner lattice
and the lattice on the boundary), all the distribution functions are known for these nodes,
including the nodes at the boundary. Since the density distributions are continuous
functions for each direction, the second order extrapolation method is applied to obtain the
distribution functions at the extra lattice by using the value of the distribution function on
the wall layer (E-O-A) and the layer of one lattice inside of the fluid (D-C-B). This implies
that the following condition can be enforced at each time step and direction for the outside
nodes only after the collision:

ﬁfl — 2ﬁ0 _ fil (83)

where, £, f° and f' are the distribution functions on the outside layer, the wall layer
and the first layer inside the fluid, respectively.

Once all the distribution functions at the extra nodes are obtained, it seems as if the real
boundaries are the inner nodes, which are like the fluid nodes inside the computational
domain. Then the streaming step in the newly expanded domain can be performed. It can be
seen that there are NO unknown distribution functions for the real boundary nodes. Once
the streaming step is done and the collision process will be conducted for all the nodes
except the one on additional layers (because there are some unknown distribution functions
on those nodes). For the real boundary nodes, the given macroscopic boundary variables
(such as velocity and pressure) are enforced on the corresponding equilibrium distribution
functions. However, for the inner nodes of computational domain, such macroscopic
variables can be evaluated by using the known distribution functions and these values will
be used to compute the corresponding equilibrium distribution functions. The different
source of macroscopic variables is the only one difference between the inner nodes and the
nodes on the real boundary. Therefore, the constant density (or constant pressure condition
due to the equation of state in LBE model) and constant velocity can be easily implemented
through the corresponding equilibrium distribution functions.

It should be noted that the extrapolation scheme does not require any specific assumptions
about the incoming particle distribution. In addition, it can be seen from extrapolation
scheme (Eq.83) that this scheme guarantees a second order numerical accuracy for the
unknown distribution functions at the wall boundary. Since all other macroscopic
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quantities, such as density, momentum flux and the strain field, are simply weighted
summations of the distribution functions over particle velocity directions, it can be
concluded that the corresponding macroscopic quantities have the same numerical accuracy
as the distribution functions. Since the collision process occur not only on the nodes in the
internal fluid region, but also on the nodes at the boundary, and the macroscopic boundary
conditions are directly applied to the corresponding equilibrium distribution function for
the boundary nodes, the extrapolation boundary scheme is also a no-slip boundary scheme.

4.6 Thermal boundary treatment

Considering the thermal boundary conditions, the fluid flow boundary treatments (such as
bounce back boundary, extrapolation boundary) can also be used by the temperature
variable. However, it has been confirmed that [25-27], to date, the model of assuming a
counter slip thermal energy density boundary is of the highest accurate boundary
treatments because it can guarantee the fixed velocity and temperature or heat flux at the
wall exactly.

For the isothemal wall boundary case, the temperature is fixed as Ty at the solid surface
pointing to the fluid region. After streaming, g», g5 and gs are unknows, as shown in Figure

' °

Fluid

77775 T AN 7y

Solid

& @
Fig. 10. Counter slip thermal boundary for D2Q9 lattice

Assume these unknown temperature density distributions are equal to their temperature
density equilibrium distributions with unknown temperature7” . Adding these three
unknown temperature density distributions together (e.g., for the passive scalar thermal
LBE model), it yields:

g2+85+8e =%T*(1+3uy +3u;) (84)
where u, is the velocity normal to the wall and the x velocity (u.) is assumed to be zero. If
the value of 7" is known, the unknown temperature density distributions (g2, g5 and gs) can

be solved by using the corresponding temperature equilibrium distribution functions.
Meanwhile, note that for the isothermal wall, it reads:

> ga=T (85)
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Substitute Eq.84 into Eq.85 and solve for T, it shows:

6

=m(ﬂ—go—gl—g3—g4 —gy—gg) (86)

Eventually, the three unknown temperature density distributions (g2, g5 and gs) can be
obtained by substituting 7" into the temperature density equilibrium distributions.
Obviously, this method can be easily extended to the 3D case without any difficulties.

For the heat flux boundary condition, a second order finite difference scheme is used to
evaluate the temperature on the wall,

_ a_T _ 3Tia+4T,-T s
q ay o 2Ay

(87)

After finding the wall temperature, the same procedure as described in the isothermal wall
case is used to calculate the unknown temperature density distributions.

4.7 Body force treatment

Since there exist all kinds of body forces (e.g., gravity, centrifugal force) in the real case
simulations, how to deal with the body force in the LBE model is another important issue
needed to be done before this method can be widely used in the real applications.

Consider the Newton’s second law of motion, we have

F=ma= m@ (88)
dt

Recognizing that the density is proportional to the mass, the lattice length is the unit length
in the LBE model (which means the volume for each basic lattice is also unit) and that the
relaxation time t is the elementary time of collisions, then rearrange Eq.88, it yields:

_T-F
p

Au (89)
where Au is a increment in velocity due to the external body force. Finally, it can be written
down like:

- F

U =u+Au=u+—— (90)
o

(eq)

where u® is used to compute the equilibrium distribution functions, f*“ , and u comes

from the summation over the local distribution functions, f, like Eq.17.

5. Application of Lattice Boltzmann model

In the previous sections, the LBE fluid flow, heat transfer models and the corresponding
boundary treatments have been discussed in details. In this section, these models will be
used to solve the fully developed fluid flow and heat transfer problem in a curved square
duct to validate this new approach. The D3Q27 incompressible fluid flow and passive scalar
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thermal LBE models are adopted to simulate the fully developed fluid flow and heat
transfer in the curved square duct, and the flow driven force, i.e., pressure difference, and
centrifugal force, will be taken into account in the models like body force acting on each
lattice.

5.1 Fluid flow and heat transfer in curved square duct

The study of viscous flow in the curved ducts is of fundamental interest in fluid mechanics
because of the numerous applications such as flows through turbo machinery blade
passages, aircraft intakes, diffusers, heat exchangers etc. [28]. The major effect of curved
duct on the fluid flow involves the strong secondary flow due to the longitudinal curvature
in the geometry. The presence of longitudinal curvature generates the centrifugal force
perpendicular to the main flow along the axis and produces the so-called secondary flow on
the cross section of ducts. As a consequence of this centrifugal force, the axial velocity
profile will be distorted (from the typical-parabolic velocity profile in straight ducts) with an
outward shift of the peak axial velocity, and at the same time, the total flow rate will be
reduced due to the decrease of average axial velocity.

Fig. 11. The geometry configuration of curved square duct

As shown in Figure 11, a curved square duct with side length L is placed on the horizontal
plane and the radius of the curved duct is R, measured from the center of duct to the center
of the curve. The fluid flows in the square duct about the center of curvature toward the
inside of the plane of the paper.

The curvature ratio of this curved duct is defined as:

D
R

C 91)

Where, Dy, is the equivalent hydrodynamic diameter of square duct, which is defined as

_4A 4L _

D, = = = 92
"TTP 4L ©2)
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The non-dimensional characteristic Dean number is defined as the function of Reynolds
number and curvature ratio.

D,=R.-(C)” (93)
R =YD (94)
(%

where, R, is the Reynolds number of the duct flow. A uniform grid is used in this article, and
the corresponding relaxation factors for fluid flow and heat transfer are in the range of 0.6
~1.0.

On each cross section of curved duct, a constant pressure gradient is introduced to drive
fluid flow along the duct’s axial direction. Due to the longitudinal curvature and axial
velocity, the centrifugal force is involved and drives the fluid flow far away from the center
of curved duct (i.e., point O as shown in Figure 11), and then the so-called secondary flow is
formed on the cross section. In this article, both pressure gradient and centrifugal force are
treated like body forces acting on each interior lattice with different directions on the cross
section of duct (which is the projection of the computational domain), and the macroscopic
momentum conservation method [23, 24] is used to apply these body forces to the LBE fluid
flow and heat transfer models.

As shown in Figure 11, the fluid flows in the square duct pointing toward the inside of the
plane of the paper. Since the fully developed fluid flow and heat transfer will be studied
numerically in this section, the axial velocity profile and dimensionless temperature
distribution on the cross section will not be changed along the main flow direction.
Therefore, the original computation domain, which consists of the square cross section and
curved duct, can be simplified to a domain including the square cross section and a few
lattice lengths perpendicular to this section plane. As a result of this simplification, the basic
LBM with uniform lattice can be used to solve this problem without any special treatment
for the curved boundary. It is worth noting that although the original computation domain
has been simplified, the fluid flow and heat transfer simulations are still in three
dimensions, i.e., two dimensions on the cross section and one dimension in the axial flow
direction.

For fluid flow in pipes, the Fanning friction factor is defined as [25]:

2.7,

Cr= 95
Ve, (95)
where 7, is the average wall shear stress and is defined as:
dU,
Tw=M- 96
H— (96)

Plugging Eq.96 and Eq.94 into Eq.95 and rearranging, one obtains the following friction
factor for the curved duct.

2-D; dU.
Vag. dn

C; R.= (97)
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As far as fluid flow in straight square duct is concerned, the analytical friction factor is
available in literature and equals 14.25 [26].

For heat transfer in curved duct, the corresponding dimensionless temperature and Nusselt
number are defined as follows:

T.,-T
T, -T,
h

98)

N, = 'k (99)

S

where T, and T}, are the wall temperature and mean temperature across the duct, receptively.
h is the average heat transfer coefficient around the four wall sides and is defined as:

h=——on (100)
Plugging Eq.98 and Eq.100 into Eq.99 and rearranging, one obtains:

N, =Dy 9T (101)
on
For the fluid flow and heat transfer in a straight square duct, the analytical Nusselt number
with constant wall temperature is 2.98 [26].
In order to obtain more accurate results, the two-dimensional Simpson integration method is
used to calculate the average axial velocity based on the uniform lattice on the cross section.

5.2 Boundary conditions

In the simplified computation domain, the boundary conditions have to be specified in two
parts with three directions, i.e., axial flow direction and two directions on the cross section
plane.

Axial flow direction: Since both the fluid flow and heat transfer are fully developed, the
velocity and dimensionless temperature profiles will not change along the axial flow
direction (which is perpendicular to the plane of the paper and toward inside). Therefore,
the simple periodic boundary can be naturally applied for both fluid flow and heat transfer
in this direction, without any special treatment for the curved boundary.

Cross section plane: On the duct cross section, four sides of wall are needed to specify the
boundary conditions. In this mathematic model, the no-slip boundary and constant wall
temperature conditions are applied on the four duct walls for fluid flow and heat transfer,
respectively. The second-order extrapolation boundary treatment [27] and counter-slip
thermal boundary treatment [28] are employed for the fluid flow and heat transfer to
determine the unknown distributions (i.e., pressure and dimensionless temperature
distributions) coming from outside the computation domain.

Once all these boundary conditions are established, the fully developed fluid flow and heat
transfer in the straight square duct are simulated using the current LBM model by letting
curvature ratio approach to zero (i.e., the radius of curved duct, R, is big enough, for
example, 10%), and the converging criterion in this test simulation is that the relative error of
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total velocity (including three components) on each uniform lattice is less than 1.0x10-4 for
every 400 consecutive time steps. After the converging criterion is reached, the simulation
results show that both friction coefficient and Nusselt number are very in good agreement
with analytical results (i.e., the relative errors versus analytical results are less than 0.1%).
This validates that this LBM model is correct and the simplification of computation domain
is feasible and applicable. In addition to this bench mark validation of the straight duct, a
grid convergence test was implemented before any data were adopted. For a given fluid
flow problem, different number of uniform lattices (i.e., 50x50%3,100x100%3 and 160x160%3,
where three lattices are used for the periodic direction) for the same computation domain
were used to compare the differences in terms of friction coefficient and flow pattern on the
cross section. After a couple of comparisons, it was found that the uniform lattice 100x100x3
has both good accuracy and less computing cost. Therefore, 100x100%3 uniform lattice mesh
is used in this article to simulate the fluid flow and heat transfer problems.

5.3 Simulation results and discussion

5.3.1 Fluid flow

As shown in Figure 12, the non-dimensional axial velocity distribution of cross section b-b is
presented at different Dean number with a constant curvature ratio, C =0.05. From this Figure,
it is evident that, as the Dean number increases, the maximum axial velocity first shifts toward
the outside of the duct from near the center position until it reaches a most outside point on
the cross section; and then once the Dean number reaches a certain value (which is a function
of the curvature ratio), the velocity profile on cross section b-b suddenly changes to a new
pattern (as shown in Figure 12), and the location of maximum axial velocity is much closer to
the center of duct than before. Moreover, as Dean number increases further, the maximum
axial velocity moves toward the center of duct, which is the opposite moving direction
compared to the case with smaller Dean number before the new velocity profile was observed.
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Fig. 12. Velocity distributions along b-b cross section

With the same conditions, the dimensionless axial velocity profile along cross section a-a is
shown in Figure 13. In this Figure, it is apparent that as the Dean number increases, the peak
of velocity profile on cross section a-a changes from one point at the beginning to two
symmetrical points, and eventually up to three points (one is at the center and the other two

www.intechopen.com



58 Computational Fluid Dynamics Technologies and Applications

are symmetrical about the center one). Meanwhile, the axial velocity on this cross section a-a
is becoming more uniform as Dean number increases. The switchback movement of
maximum axial velocity on cross section b-b in Figure 12 and the change of number of peak
velocities on plane a-a in Figure 13 can be explained as follows. On the duct cross section,
the centrifugal force (which is induced by axial velocity and duct curvature) drives the fluid
flow from inner side wall to the outer side wall and this fluid flow causes a symmetrical
flow pattern on the cross section for the horizontal curved duct. Compared to the main axial
fluid flow (which is perpendicular to cross section), the flow on the cross section is called
secondary flow. When the Dean number is small, there is just one peak point on the axial
velocity profile, and the secondary flow is one pair of weak symmetrical eddies due to the
small centrifugal force. As Dean number keeps increasing, the axial maximum velocity
moves toward the outside of wall and, at the same time, the two symmetrical eddies become
stronger and stronger, eventually distorting the axial velocity from a single peak to two
symmetrical peaks on cross section a-a. On the other hand, once Dean number exceeds a
certain value, the secondary flow suddenly changes from one pair symmetrical eddies to
two pairs of symmetrical eddies (having opposite rotating directions) due to the imbalance
between centrifugal force and pressure gradient on the cross section. This is the so-called Dean
instability [29, 30]. Therefore, the velocity distribution on section b-b suddenly changes and
another peak velocity appears at cross section a-a, that is, there are now three peak velocities.
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In Figures 14 to 17 or 18 to 21, the detailed dimensionless axial velocity distributions are
presented and the transition process from one velocity peak to two peaks and eventually to
three peaks are all clearly shown (i.e., Figures 14- 16 or 18- 20 in 3-D view). Based on these
axial velocity contours, it is obvious that the higher Dean number, the greater velocity
gradient that will be observed around the duct walls, especially for the two vertical sides,
and this is consistent with the previous results in Figure 13. Moreover, since the axial
velocity with the same number of uniform contour lines is provided at different Dean
numbers, the distribution of uniform contour lines shows how well the axial velocity
distribute uniformly on the cross section. From Figures 15-17 or 19-21, one can conclude that
the axial velocity trends to be more uniform on the cross section area as Dean number
increases, which is also consistent with Figures 22 and 23.
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Outer side Inner side Outer side

Fig. 14. Velocity contour of cross section Fig. 15. Velocity contour of cross section
(Dn=50.0 C=0.05) (Dn=100.0 C=0.05)

Outer side Inner side @illouter side

Fig. 16. Velocity contour of cross section Fig. 17. Velocity contour of cross section
(Dn=150.0 C=0.05) (Dn=200.0 C=0.05)
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Fig. 18. Axial velocity profile in 3D view Fig. 19. Axial velocity profile in 3D view
(Dn=50.0 C=0.05) (Dn=100.0 C=0.05)
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Fig. 25. Velocity vector of cross section
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In Figures 22-25, the detailed secondary flows on the cross section are presented at different
Dean numbers. These figures also clearly show the flow transition from one pair of eddies
(in Figures 22 and 23) to two pairs of symmetrical eddies (in Figures 24 and 25) when the
Dean number increasing up to certain values. Compared to the single-pair symmetrical
eddies, in the double-pair eddies case, the additional pair eddies rotate in the opposite
direction on the main vortices (as shown in Figures 24 and 25). The imbalance between the
pressure gradient and centrifugal force on the cross section causes the transition from a
single-vortex-pair to the double-vortex-pair structure; therefore, the location of maximum
axial velocity moves closer to the outer wall in symmetrical positions above and below the
radial centerline in Figures 16 and 17 or 20 and 21.

Outer side

Fig. 26. Pressure contour on cross section Fig. 27. Pressure contour on cross section

(Dn=50.0 C=0.05) (Dn=100.0 C=0.05)

el | { | J Outer side  Inner side :‘ | { | )} Outer side
Fig. 28. Pressure contour on cross section Fig. 29. Pressure contour on cross section
(Dn=150.0 C=0.05) (Dn=200.0 C=0.05)

In Figures 26-29 and Figures 30-33, the detailed pressure distributions are presented at
different Dean numbers. It is apparent that the pressure contour patterns are considerably
different for the double-pair eddies case (in Figures 28 and 29 or Figures 32 and 33) than the
single-pair eddies’ (in Figures 26 and 27 or 30 and 31). Furthermore, the pressure gradient
on the cross section becomes more uniform as the Dean number continues increasing, as
shown in Figures 26-28 or Figures 30-32. Since pressure is always a passive variable in fluid
flow problems, the pressure profiles shown in Figures 26-29 or Figures 30-33 are a
consequence of balance between centrifugal force and fluid viscous force.
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In real engineering applications, one of the most important results of fully developed flow in
curved square duct is estimation of the friction factor (or flow-rate reduction). The available
well-known friction factor correlation in the literature [31] is:

f. / £ =0.225Dn"¥  for square duct with 100<Dn<1500 (102)

In Figure 34, the computed friction factor ratios for a straight square duct at different
curvature ratio are presented. It is evident that the presented LBM simulation results are in
good agreement with the experimental correlation. On the other hand, it is clearly shown in
this Figure that the friction coefficient for each specific curvature ratio (from 0.05 to 1.00)
changes suddenly when the Dean number is between 115 and 130. This is because when
Dean number increases from 115 to 130, the flow pattern on cross section changes from one
pair of eddies to two pairs of eddies. This Dean number which identifies the flow pattern is
called critical Dean number. As a consequence of flow pattern change, the corresponding
friction coefficient is increased.

www.intechopen.com



Application of Lattice Boltzmann Method in Fluid Flow and Heat Transfer 63

—=—— C=0.05
——a—— C=0.10
——— C=0.50
—— C=1.00

18F mimime= Reference [31]

1.4

12 ! TR T TR T !

100 120 140 160 180 200
Dn

Fig. 34. Friction coefficients vs Dean number at different curvature ratio

With regard to the transition from single-pair eddies to double-pair eddies, it was proposed
in [32] that, for a curved square duct, the transition is a result of a complex structure of
multiple, symmetric, and asymmetric solutions. The singular value of Dean number for the
transition of the two- and four- vortex flow patterns is between 113 and 191, which is
consistent with the current results obtained from the LBE model, i.e., the critical Dean
number is between 115 and 130.

5.3.2 Heat transfer

In Figures 35-42 and Figures 43-50, the dimensionless temperature contours are presented at
different Dean numbers and Prandtl numbers (two kinds of typical fluid, i.e., air and water,
were chosen). From all these Figures, it is obvious that the Prandtl number plays a
considerable role to the temperature field at a given Dean number and curvature ratio in a
curved duct flow. For example, in Figures 35 and 36 or Figures 43 and 44, the fluid flow
conditions are exactly same (i.e., same Dean number and curvature ratio) but the fluid physical
properties (i.e., Prandtl number) are different. As a result, the dimensionless temperature
contours are significantly different for these two cases with different Prandtl number. Similar
results with different Dean numbers are presented in Figures 37-42 or Figures 45-50.

== Outer side
Fig. 35. Temperature contour of cross section Fig. 36. Temperature contour of cross section
(Dn=50.0 Pr=0.716 C=0.05 (Dn=50.0 Pr=6.587 C=0.05)
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Outer side

Fig. 37. Temperature contour of cross section Fig. 38. Temperature contour of cross section
(Dn=100.0 Pr=0.716 C=0.05) (Dn=100.0 Pr=6.587 C=0.05)

Fig. 39. Temperature contour of cross section Fig. 40. Temperature contour of cross section
(Dn=150.0 Pr=0.716 C=0.05) (Dn=150.0 Pr=6.587 C=0.05)

Fig. 41. Temperature contour of cross section Fig. 42. Temperature contour of cross section
(Dn=200.0 Pr=0.716 C=0.05) (Dn=200.0 Pr=6.587 C=0.05)
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Fig. 43. Temperature profile in 3D view Fig. 44. Temperature profile in 3D view
(Dn=50.0 Pr=0.716 C=0.05) (Dn=50.0 Pr=6.587 C=0.05)
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Fig. 45. Temperature profile in 3D view Fig. 46. Temperature profile in 3D view
(Dn=100.0 Pr=0.716 C=0.05) (Dn=100.0 Pr=6.587 C=0.05)
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Fig. 47. Temperature profile in 3D view Fig. 48. Temperature profile in 3D view
(Dn=150.0 Pr=0.716 C=0.05) (Dn=150.0 Pr=6.587 C=0.05)
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Fig. 49. Temperature profile in 3D view Fig. 50. Temperature profile in 3D view
(Dn=200.0 Pr=0.716 C=0.05) (Dn=200.0 Pr=6.587 C=0.05)

Figure 51 shows a comparison of Nusselt numbers between passive-scalar thermal LBE and
Fluent software results with the same fluid flow and heat transfer parameters, including
boundary conditions and geometry configurations. Before the thermal results by Fluent
software were adopted in Figure 51, the grid convergence test was implemented for fluid
flow and heat transfer. It is also apparent from this figure that the results of LBE are very
consistent with those of Fluent software (i.e., the conventional CFD method).

16

|  —&A—— LBM(Pr=0.71559)

14 - ——@—— Fluent(Pr=0.71559)

| - —A— — LBM(Pr=6.5870) -~
Fluent(Pr=6.5870) X - -

4 L L L L 1 L L L L 1

50 100 150 200
Dn

Fig. 51. Nusselt number comparisons between LBM and Fluent results (C=0.05)

In this section, the fully developed fluid flow and heat transfer in a square duct with

curvature ratio (0.05--1.0) and Dean number (0--200) have been thoroughly investigated

using D3Q27 incompressible LBGK model and passive-scalar thermal model, respectively.

Based on the simulation results, the following conclusions can be drawn:

1. The fluid flow simulation results of D3Q27 LBE model are in good agreement with
experimental correlation at the given conditions;

2. The fully Dean stability range is obtained in this article and is consistent with results in
the literature.

3. LBEis a new useful successive method to solve the hydrodynamic problems; compared
to the conventional CFD approach, this method is very easy to understand and
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implement. The unique parallelism characteristics can save a lot of calculation time if a
special programming technique is applied.
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