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Abstract. Many real conjugate heat transfer problems involve materials with high differences between their thermal
properties. Treating them with the conventional Lattice Boltzmann method (LBM) becomes a challenge, because there are
problems involving the simulation scales which impact in the relaxation times (1) values for both materials. Appropriate
values in fluid region lead to not appropriate values in solid region, decreasing the results accuracy. This is addressed
with the conventional multi-block (MB) scheme in LBM. In the paper it is proposed an improvement of the conventional
MB scheme, that allows a free choose of relaxation time, not used in the conventional MB-LBM. Thereby, it is first
studied a 2D conduction problem to verify the improved MB-LBM. Secondly, two 2D conduction problems are solved
considering low and high differences between the thermal diffusivity of the materials, respectively. Both problems are
solved with the conventional LBM, LB-LBM and the improved MB-LBM, concluding that the improved MB-LBM allows
to study conjugate heat transfer problems involving large difference between the materials thermal properties, improving
the accuracy and stability of the method.

Keywords: Lattice Boltzmann method, conjugate heat transfer problem, multi-block, heat diffusion problem.
1. Introduction

Refrigeration and heating systems adopt in a large scale the use of heat exchangers with channels, and more recently,
with microchannels. An important aspect in these system is related to the maximization of heat transfer, or just its increase
in a satisfactory balance between cost and efficiency. Hence, it is necessary to know the behavior of these devices, being by
the use of appropriate correlations or by numerical simulations. This work focuses on the improvement of one numerical
simulation method for this purpose: the Lattice Boltzmann Method (LBM).

The LBM is a numerical mesoscopic method which was born in the 20st century, after the development of the Lattice
Gas Automaton Wolf-Gladrow (2004). Currently, many variations of the method are presented in the open literature Guo
and Shu (2013); Kriiger et al. (2017); Mohamad (2019). One of these variations is the Multi-block LBM (MB-LBM). This
method consists in the LBM application with non-uniform discretization of the lattices. In other words, the domain can
be divided in regions, each one with a different lattice size. The MB-LBM represents a flexibilization of the conventional
LBM, which only allows the use of uniform lattices Guo and Shu (2013).

The conventional LBM is extensively used in the simulation of fluid flow and heat transfer problems. In fact, the works
by Aursjg et al. (2017), Pirouz et al. (2011) and Wang et al. (2007) make use of LBM to study the conjugate heat transfer
in channels with or without other geometries in their interior, such as obstacles or fins. The MB-LBM proposed and used
in this work is an extension of MB-LBM found in literature, see Guo and Shu (2013).

The main aim of the present developments is the simulation of heat transfer problems between different materials with
high differences between their thermal diffusivities. Problems involving just conduction or conduction and convection are
addressed. Overall, it is proposed in this work an improvement of the MB-LBM, which gives more freedom and accuracy
for the simulation of heat transfer problems found in real applications.

2. Theoretical Background

The LBM is based in the discretization of Boltzmann transport equation, both in time, space and velocity directions
Mohamad (2019). This equation is given by Eq. (1), in which f is the density distribution function, ¢4 the component of
the velocity vector in d direction, % the specific body force and Q(f), the collision operator, which represents the effect
of the particles collision.
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Despite of being principally used to deal with fluid flow, the LBM can also be used to simulate heat diffusion in solids
and liquids (Ho et al., 2002). Then, as f is commonly used to deal with flows, it is convenient to change f by ¢ in Eq. (1),
just in order to follow the common nomenclature used in the literature, being g the energy distribution function. In this
paper, the collision operator is modeled considering a single relaxation time according to Bhatnagar et al. (1954), given
by: Q = % - (g%? — ¢). In this relation, g7 represents the equilibrium distribution function, which is related with the
particles in equilibrium state and can be calculated by: ¢°9(x,t) = w; - T(x, t) (see Kriiger et al. (2017)). w; represents
the weights related with the velocity scheme chosen. In this paper, it is used the D2Q9 scheme, meaning that for a 2D
simulation there are 9 discrete velocity directions. Thus, for this scheme, the weights are wo = 4/9, w1 2,34 = 1/9 and
ws.6,7,8 = 1/9 (Guo and Shu, 2013). The paramenter 7 is the single relaxation time, which is related to fluid (or solid)

thermal properties as shown in Eq. (2).
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In this equation, « is the thermal diffusivity of the material, Az and At are the space and time discretization intervals
and c¢; is the sound speed, in lattice units (for D2Q9, it is assumed ¢; = 1/ \/§). Using the defined variables and after
discretizing the Boltzmann equation (Eq. (1)), the final expression for thermal LBM resides in Eq. (3), in which the
sub-index ¢ indicates each velocity direction.

1

gi(x + Cj - At) t+ At) = gi(x7 t) + ; : [ng(X’ t) - gi(x7 t)] (3)

Additionally, the distribution function is related with macroscopic quantities (such as the temperature 77) by its mo-

ments: [ g(x,t)dc = T(x,t). So, after solving Eq. (3), it is possible to calculate the temperature field using the Eq. (4),
being g the total number of discrete velocity directions.

q—1

> gilx,t) =T(x,t) (4)

=0

Employing the above relations, it becomes possible to apply the LBM and get the desired values for each situation
analyzed. For that, a computational procedure is implemented, which can be divided in four principal steps: initialization,
collision, streaming with boundary conditions and calculation of macroscopic variables. The three last are repeated until
the desired time steps are gotten or the steady state condition is satisfied.

Nevertheless, it is important to note that, for the initialization step, a good approach is to assume that the distribution
functions g; are in equilibrium. In other words, it is possible to initialize these functions as g; = g;? (Kriiger et al., 2017)
(Guo and Shu, 2013). Another important point to be noted is that the condition chosen to verify the steady state has a great
influence on the final results, mainly when the problem studied involves materials with low thermal diffusivities. Thus,
for the problems analyzed in this work, the scheme used to verify this state is given by Eq. (5) , in which n represents the
current time step and n — 1000, 1000 time steps before n.

e = maz|T" — T 109 <107° (5)

Moreover, there are two principal formulations of the collision operator: the BGK model and the multiple-relaxation-
time (MRT) operator. The first (BGK) is based in the approach showed before, resulting in Eq. (6), in which g are the
post-collision distribution function, which are streamed after collision step accordingly each velocity direction: g;(x +
ci - At,t + At) = gf(x,t). However, as the simplicity of the BGK operator comes with some reduced accuracy, there
are some situations in which it is necessary to increase the precision of the results. These cases demand the use of more
accurate collision operator, such as the MRT, which will be discussed bellow.

1
g:( (Xa t) = gi(X, t) + gieq (Xa t) — G (X7 t)} (6)

7
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2.1 MRT collision operator

The main idea behind the MRT collision operator is first map the distribution function in moment space, then compute
the collision step, to finally transfer these collided moments to the distribution function. Then, defining m;(x,t) as the
moment of each velocity direction i, m;?(x,t) as their respective equilibrium distribution function and m}(x,t), the
post-collision moments, the collision step is given by Eq. (7).

{m*(x, )} = {m(x, )} = [S] ({m(x, 8)} = {m“(x,1)}) (7

In Eq. (7), the moments are represented by a vector with the moments in each velocity direction, and [S] are a diagonal
matrix with the multiple relaxation parameters. Thus, accordingly to Chai and Zhao (2014), for the D2Q9 scheme in
thermal LBM, a reasonable choice of this matrix is [S] = diag(0.0,1.0,1.0,w,1.0,w, 1.0, 1.0,1.0), being w = 1/7.

Furthermore, in order to transfer the values of g;(x,t) to moment space it is defined a transform matrix [M] so that
{m(x,t)} = [M]-{g(x,t)}. Then, following the same procedure proposed by Guo and Shu (2013), this matrix can be
given by Eq. (8). The equilibrium moments can be obtained by the same way as the moments are gotten, calculating first
the values of g{?(x, t), and then applying the equation {m®?(x,t)} = [M] - {ge?>D)}.

(101 1 1 1 1 1 1 1
-4 -1 -1 -1 2 2 2 2 2
4 2 -2 -2 21 1 1 1
o 1 0 -1 0 1 -1 —1 1
M=|0 -2 0 -2 0 1 -1 -1 1 (8)
o 0 1 0 -11 1 -1 -1
o 0 -2 0 -2 1 1 -1 -1
0O 1 -1 1 -10 0 0 0
0o 0 0 0 0 1 -1 1 -1

After calculating the collision step, the post-collision functions can be extracted of the moment space doing the inverse
of the procedure explained before: {g(x,t)} = [M]~! - {m(x,t)}, being [M]~! the inverse of the transform matrix. By
this relationship, in general, the collision step can be calculated by Eq. (9).

{g"(x,0)} = [M]7" - ({m(x, )} = [S] ({m(x, 1)} — {m*I(x,1)})) ©)
2.2 Boundary conditions

For the problems studied in this work, it was considered both Neumann and Dirichlet boundary conditions. In this
way, it is important to guarantee that these conditions are properly calculated.

First, considering a Dirichlet boundary condition in which the temperature of the wall T}, is known, the procedure
given by Yoshino and Inamuro (2003) is followed. In this work, it is assumed that the unknown populations are in
equilibrium with some unknown temperature 7”. Then, by the conservation of mass (Eq. (4)), it is possible to define the
Eq. (10), where n is the normal vector of each boundary label, pointing to the interior of the domain. So, the population
desired can be obtained by g; = g;/(1").

Tw - Z gi

y A . 10
S w; (10)

c-n>0

The next condition to be treated is the Neumann boundary condition, which is referred to the known heat flux at
the domain boundaries. In this case, it was applied a numerical discretization of Fourier’s Law in order to transform this
condition into a Dirichlet’s boundary condition. In this way, it was used the finite difference method, that gives the relation
shown by Eq. (11)(Zhang and Cheng, 2017), where T},4; is the temperature of the node after the boundary node in the
normal direction, ¢” is the heat flux and k, the conductivity of the material, in W/(m.K). Thus, knowing T, it is possible
to apply the Inamuro’s method for Dirichlet boundary condition.

C]”|Xw — Xw+1 ‘

Tw: w+1+ L

Y
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However, it is important to say that, for adiabatic walls, it was used a different method: the Bounce-Back rule. Despite
of being first developed for walls in fluid flow problems, the same principle of this rule can be applied to insulated walls,
because the heat flux crossing these boundaries is zero, which means that there are none particles crossing these boundary
lines. In other words, the particles which hit in the boundary are totally reflected in opposite direction (are bounced back)
(Ho et al., 2002). If 7 is the opposite direction of 4, this method can be represented by: g; = g;.

2.3 Interface conditions

In situations that involves two or more materials, it is important to guarantee the continuity of the physical quantities
despite of the non-continuity of the thermal properties at interface. In this way, at each interface between different
domains, it must be kept the same temperature and heat flux.

Considering two materials such as in the Fig. 4, defining the thermal properties ratio such as v = % and
following the boundary conditions proposed by Li e al. (2014), it is possible to define some relationships between the
populations that cross the interface. Then, to keep the temperature and the heat flux continuous at this line, it is necessary
to apply the Eq. (12) to the populations arriving in the upper material (index st), after leaving the bottom one, and Eq. (13)
to the populations arriving in the bottom (index sb), after leaving the upper material.

11— 27
g (Xst, t + At) = —— - g7 (Xst, t) + —— + ¢5 (Xsb, L 12
7,( t ) 1 v g ( t ) 1 v gz( b ) ( )
( 13 t) ! *( t) 2 *( t) (13)
9i(Xsb, +A — * - Xsb, + * 9; (Xst,
b 1 7 b 1 t

2.4 Multi-block scheme

The conventional LBM uses an uniform discretization of the domain in equal lattices. On the other hand, the Multi-
block scheme allows to divide the domain in several parts, each one with some different size of lattices. It is important to
note that some attention must be given to the transport of information between the different grids. Also, the division in
different grids comes whit different time steps for each one, that must be respected in the transport of information in the
grid interfaces.

In order to discuss this method and propose its improvement, it was first followed the procedure presented by Zhang
et al. (2019) and Yu et al. (2002). Considering first only 2 different grids, it is defined the ratio between them as m =
Az./Ax » in which the sub-index f is related with the fine grid and c, with the coarse grid. Then, it is necessary to
maintain the continuity of the thermal properties between the different regions, giving 7y = 0,5 +m - (7. — 0, 5) (Liu
et al., 2009). Because of that relation, the choice of the time steps sizes Aty and At is not free. Thus, there is some
proportion that must be kept between the time and spatial discretization, when this relation is allocated together with the
Eq. (2), which gives that At./At; = m.

Moreover, there are two principal lines whoch demarcate the end of each grid in the interfaces for 2D simulations. It
is important to note that these lines are not coincident, in order of having some lattices which just receive the information
becoming of the other grid, after streaming them into their part of domain. The representation of the both interface
between two different grids can be seen in Fig. 1, in which MN represents the interface of the fine grid (where it receives
information from the coarse grid) and AB, the coarse grid interface (where it receives information from the fine grid).

Coarse block +

|

| Boundany of fine Hlock ax
LY

M Q L
,‘ . _',_—’-— N
|

\
A D E F B
[ o - o
+
l Boudary of oafsg blmik 5x,
Fine block *

Figure 1. Illustration of some domain whit two different grids of lattices and its interfaces (Yu et al., 2002).
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Thereby, it is necessary to keep the continuity of the physical quantities at these interfaces during the transport of
information between them. First, considering the continuity of the temperature field, it gives: g% = g;qi. Second, the

same must be done for the heat flux. Definingitas J = (1 — 5-) 3" g;"“’c; (Chai and Zhao, 2013), in which g;"“? are the

K2 K2

non-equilibrium distribution functions (¢;"“! = g; — g;%), it is possible to get (1 - 2170) 9oyt = (1 - %) g5 With
these two relations, it is possible to find how the information between the interfaces are carried, which is represented by
Eq. (14) and Eq. (15). As it is possible to note, because of the different time and space discretization, each grid has its

own relaxation parameter.

Te—1,,
Goi = gy5 + i — (97— 9%%) (14)
. Tr—1 .
950 = 9es+ P e (90— 9c3) (15)

However, as it is possible to see in Fig. 1, the nodes of the coarse grid does not match with all nodes of fine grid. Thus,
it is necessary to do a spatial interpolation in order to get the values of the functions coming from coarse grid on e nodes.
For this, it is used an spline cubic interpolation such as in Eq. (16), in which g; () could represents even g ; or gsf’i, being
x the direction of the interface (such as the direction of the line MN in Fig. 1).

gi(x) = a;(z; — ) + bj(z — xj1)° + ¢j(x; — ) + dj(x — zj1) (16)
Thereby, according to Zhang et al. (2019), the constants in Eq. (16) can be defined as a; = gﬁ"T’l, b; = GgTj, cj =

: J o C
g-;L—; — %4 & i ,d; = Z—JJ — %’”, where g}/ is the second derivative of f* or f°? in j position over the interface line and

hj = x; — x;_1. Additionally, to find the values of g;-’, it is possible to solve an simple three diagonal linear system given
by 0,597y + 297 + 0,597, = 6g; — 3gj—1 — 3g;+1, considering that g5 = g, = 0.

Also, there are time steps for which the fine grid will need values of the coarse grid in an interval in which it will not
be part of. For these steps, it is necessary to do some temporal interpolation in order to get these needed values. In this
case, it was chosen a 3 points Lagrangian interpolation of g ; or gfql in steps n — 1, n and n + 1 of the coarse grid. This
procedure can be represented by Eq. (17), with ¢, <t < %,4.

+1 +1
n n t—tj

fi*f(t): Z fz‘*f(tk) H FR— (17
k J

k=n—1 j=n—1;j#k
2.5 Improved Multi-block scheme

Following the same procedure as Yu et al. (2002), but now defining a time ratio as m; = At./Aty, to guarantee the
continuity of the thermal diffusivity: oy = c. Then, by Eq. (2), the new relation to be keptis 74 = 0,5+ (m?/my) (7. —
0, 5). Thus, the final relation to transfer the functions between the different grids can be given by Eq. (18) and Eq. (19).

m? (1. — 1)

m” s ged 18
my (Tf—l)(gf’z 9rs) (1%

9oy =955+

my (17 — 1)

ia * g%l 1
m2 (7_(: — 1) (gc,z gcﬂ) (19)

9?,1‘ = 953 +
Then, with this improvement of the multi-block scheme, it is possible to flexibilize much more the method, which is
extremely important when it is necessary to adjust high values of relaxation time. This because its allows get lowers 7
values then with the conventional MB-LBM, as in this method it is necessary to guarantee that m; = m. For example, in
conjugate heat transfer problems generally there are materials with high difference between their thermal diffusivity and,
consequently, between their 7, which can impact in the accuracy of the simulations, even if it is used the MRT collision
operator.
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3. Results and discussion
3.1 Two-dimensional conduction in a single material

First, in order to verify the implementation of the Multi-block scheme with the conventional LBM, a simple 2D
conduction problem was solved. The domain was divided into two grids, such as in Fig. 2(b), in which the coarse grid is
about 4x the fine grid. The results were compared with the obtained analytical solution represented by Eq. (21), where
q"" is the heat flux of 10000 W/m? and Ty, the wall temperature about 293.15K. The boundary conditions considered
can be seen in Eq. (20). Also, A, is defined as A\, = (At2n)m being the domain width a = 0.5 m and height b = 0.3 m,

. 2a ’
respectively.

T(x,y) =Ty, forz=0;

g%’ =0, forz = a; 20
% -0, fory = 0;
¢ = k%, fory = b;
< o, q" - sin(Ay - x) - cosh(Ay, - y)
) . 21
=7+ 3 E e sl N

It was verified an average absolute error equal to 0.1139 K, which is considered satisfactory. It was also simulated the
same problem with the conventional LBM, using the same grid as the fine grid used in previous simulation, finding an
average absolute error of 0.1162 K, verifying the employ MB-LBM in the solved conduction heat transfer problem.

Isotherms for heat conduction with MB-LBM T(k)

0.3
0.25 315
0.2 310
Eo1s
= 305
0.4
300
0.05
295 (b)

0 0.05 0.1 0.15 0.2
x(m)
(a)
Figure 2. In (a): Results given by the MB-LBM for the heat conduction, using a fine grid with Az = 0.005 m and At =
0.02 s, and a coarser grid of Az =0.02 m and At = 0.08 s. In (b): representation of the used grid.

3.2 One-dimensional conduction between two solids

Therefore, the next study proposed was the conduction between two solids, in order to analyze the impact of having
two materials with high difference between their thermal diffusivities («). For that, first it was proposed a one-dimensional
problem involving two solids with similar ¢, in which the boundary conditions consists in a constant heat flux ¢’ = 1000
W/m? for x = 0 m and a constant temperature T, = 293.15K, for 2 = 0.5 m. The analytical solution and the boundary
conditions are showed in Eq. (22), being x5 the domain width (about 0.5 m) and x4, the interface at 0.25 m. Moreover, it
was defined that the domain is copper for 0 m < z < 0.25 m and silicon for 0.25 m < = < 0.5, being kg; and k¢, the
thermal conductivity of the silicon and copper, respectively.

¢ = —kouk, for z = 0;

T(J?):Tw, fora::x2;

T(x) =Ty, +q"- %4,%]’ if0 <2 <ap; (22)
T(x) = Tw + q// . (wz;w)] , lfxl S T < T
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Using the conventional LBM it was found an absolute average error equal to 0.0259 K in relation to the analytical
solution. Almost the same error was found using the MB-LBM method, and by this reason these results are not shown in
the paper. The results given by the conventional LBM and the analytical solution can be seen in Fig. 3

Temperature profile in x
320 \ T : : :

Conventional LBM
----------- Analytical

345 F o

310t
= a05 1
=

300 -

0 0.65 O.‘1 0.‘15 012 0.‘25 0.‘3 0.‘35 0.‘4 0.‘45 0.5
x(m)

Figure 3. Comparison between the temperature profile in z direction given by the conventional LBM and by the analytical

solution.

In problems such as the previous one, there are not a large difference between the thermal properties of the materials,
and the conventional LBM is enough. However, difficulties appear when it is selected materials with large difference
between theirs «, for example water and silicon. This is mainly because of the difficulty in obtaining good values for each
relaxation time. This fact impacts in the accuracy of the method, because the error of the simulation results increases as 7
values become high than unity (Kriiger et al., 2017). Because of that, it is proposed the improved MB-LBM.

3.3 Two-dimensional conduction between two solids

The commented difficulties are tested considering the solution of the problem exposed in Fig. 4, using an hypothetical
solid material with the same thermal properties of water. This was done in order to resemble a problem of a conjugate
heat transfer in a channel, commonly found in refrigerating systems, but avoiding any loss of precision coming from the
simulation of fluid flow. This allows to isolate the issue of losing accuracy because of high values of 7.

| 20

Hypothetical material

e

Figure 4. Scheme with dimensions (in mm) for the heat diffusion problem involving two solids with large difference
between their .

T(x,y) =Ty, forz=0m;

?95 =0, for z = 0.02m; 23)
¢" = ~ksiGL, fory=0m;
gL =0, for y = 0.006m;

Hence, the problem was treated both with conventional LBM and improved MB-LBM, both using the MRT collision
operator. The obtained results were compared with the solution given by the software COMSOL, in order to verify the
errors for each method. For the MB-LBM, it was chosen one grid for each material, keeping the coarse grid in the bottom
solid (because of a coarse grid reduces more the value of 7, with correct values of At.). It was also studied the effects
of the grid refinement in the conventional LBM (Fig. 7), as the impact of increasing the relaxation parameter with the
MB-LBM and the improved MB-LBM (Fig. 8). The solution for each method can be seen in Fig. 5 and Fig. 6.
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. «10¢ Isotherms for conventional LBM
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<10 Isotherms for improved MB-LBM
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296
295

294

0 0.005 0.01 0.015 0.02
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Figure 5. Isotherms for the conventional LBM (a), with Az = 5.0 - 107° m and At = 1.25-10~* s, and for the improved
MB-LBM (b), with a coarser grid of Az, = 2.0 -107* m and At = 3.75- 10~ s and a fine grid of Azy=0.5- 1074
mand Aty =1.25- 1074 s.

Temperature profiles for different cross sections in x
300 : . . ; ;

[ |® Conventional LBM
@ Improved MB-LBM

—x=3mm
== =x=6mm
| e X=9mm
----- x=12mm

—+ —x=15mm
— % —x=18mm

295

294

0 { > s 4 s s
y (m) %10
Figure 6. Temperature profiles for different cross sections in x for both conventional LBM (blue), with Az = 5.0-107°> m
and At = 1.25-10"% s, and improved MB-LBM (red), with a coarser grid of Az, = 2.0 - 10~* mand At, = 3.75-10~*
s and a fine grid of Azy = 0.5-10"* mand Aty = 1.25-107*s.

Beforehand, it is possible to note the increase of the LBM accuracy with the grid refinement, as the average absolute
error reduces progressively in Fig. 7. However, even reducing the size of the mesh more than that for the MB-LBM, the
errors of LBM are still higher. This fact can be explained by the high values of the relaxation parameter for the bottom
solid, because the values of both 7 must not be too closer of 0.5 (Kriiger et al., 2017), and to satisfy this condition in the
upper solid, the values of this parameter becomes much high than unity for the bottom solid.

In these simulations, the lowest 7 value gotten to still guarantee the stability of the method was 0.52 for upper material
and 14.08 for bottom material. However, for improved MB-LBM, these values were 0.52 and 3.05, respectively, and for
the conventional MB-LBM, 0.52 and 2.20. This fact explain why the both MB-LBM shows a greater precision even using
an coarse grid than the conventional LBM, as it is possible to see when both Fig. 7 and Fig. 8 are compared. Moreover,
the effect of increasing 7 becomes clearer in Fig. 8, in which it was kept the same mesh for the improved MB-LBM, just
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varying the values of the relaxation time, increasing the average absolute error.

Absolute average error for different grid values with conventional LBM

1.4

s s s s s
0 0.5 1 15 2 25 3 3.5 4 4.5 5
Az(m) x104

Figure 7. Error evolution with mesh refinement for conventional LBM.

Absolute average error for different values of 7

0.22 T T
——8— Improved MB-LBM (a)
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:é/ 0.14 - b
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Figure 8. Error evolution with relaxation time increasing for conventional MB-LBM, with Az = 0.5 - 10~*m fix and

Az, = 2.0,2.5,4.0 -10*m for 7 = 2.2, 3.2, 3.9, 7.3, respectively; and improved MB-LBM, for fix values of Az and
Az, being (a):Azs = 0.5-10"*m and Az, = 2.0- 107*m, (b): Azs =0.5-10"*m and Az, = 4.0 - 10~*m.

Furthermore, it is important to say that, with the conventional MB scheme, it would be not possible to reduce the effects
of relaxation parameter in the method precision such as it was reduced with the improved MB, due to the At dependence
of Az. This is because, when the conventional MB-LBM starts to become more precise in relation to 7 values, the coarse
grid has to be poorly refined, stopping or even reducing the accuracy of the method. This occurs because, to reducing 7,
it is necessary to increase both At. and Az, in order to keep the relation m = m;. So, the main advantage of improved
MB-LBM is that it does not need to satisfy this relationship, allowing to change the m without changing m;. This means
that the improved MB-LBM has an additional degree of freedom to choose the 7 values.

This fact can be seen in Fig. 8, in which it is shown the possibility of using several 7 values for a fixed mesh dimension
when using the improved MB-LBM. In this figure, it is important to effort that to change the values of 7 in conventional
MB-LBM, it was not possible to keep the same grid for all simulations because of m = my, differently for the improved
MB-LBM. Despite of both methods showing almost the same errors, it is noted that the conventional MB-LBM does not
allow to change the At. independently of Azx., after some relaxation time value (7 = 3.2). Thus, the new approach
proposed for MB-LBM increase the application range of this method as its accuracy, by allowing the correct adjustment
of 7 in each part of the domain. In the present problem, a better accuracy was obtained for the improved MB-LBM using
fix Azy =0.5-10"*mand Az, = 4.0-10"*m.

4. Conclusion

In general, it was possible to develop, test and verify an improvement of the Multi-block scheme applied to the LBM,
solving 2D heat conduction problems. It was showed how the high values of relaxation time (7) and large differences
between the thermal diffusivity of the materials allied with the convergence limits of 7 would decrease the conventional



I. T. Martins and L. C Gomez
Multi-Block Lattice Boltzmann Method in Conduction Problems Between Two Solids

LBM accuracy. Thus, the method can find difficulties in treating several real conjugate heat transfer problems, because
most of these problems include high « solids with low « fluids. These effects can be perceived when it is compared the
situation in Fig. 3, where the values of « of both solids are closer, and in Fig. 5, where there is a large difference between
their thermal diffusivities.

So, in order to solve this issue, it was proposed the improved MB-LBM, discretizing each material of the domain with
a mesh that reaches good values for each relaxation time, accordingly with each thermal diffusivity. It is important to see
that it is also possible to adjust 7 with the conventional MB-LBM, but because of the dependence between the time and
space discretization ratios (m = my), it is not possible to get such 7 good values in some situations as with the improved
MB-LBM. This is because when the conventional MB-LBM starts to become more precise in relation to 7 values, the
coarse grid has to be poorly refined, decreasing the precision of the results, as showed by Fig. 8.

Also, it was obtained very satisfactory simulation results with the proposed MB-LBM, as it is possible to note in Fig. 6.
Thus, the same procedure can be applied in conjugate heat transfer problems that involves fluid flow, with the intention of
increasing the accuracy of the results adopting one specific grid for each part of domain, choosing the correct values of
Ax and At that should allow to obtain good values of 7.
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