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This article used the lattice Boltzmann method to study the heat transmission of
natural convective of nanofluids in a 2-D square cavity partially filled with po-
rous medium. The nanoparticles volume fraction of Al,Os, Cu, and SiO, were
0.5%, 1%, 1.5%, 2%, 3%, and 4%, which were mixed with water and 70% of eth-
ylene glycol aqueous solution as the base fluid, and made up six kinds of nanoflu-
ids as the research object. Using nanofluids coupled double distribution lattice
Boltzmann method model, this paper studied the rules of natural convection heat
transfer of different nanofluids with the changing of Rayleigh number and the
concentration of the nanoparticles in the 2-D square cavity partially filled with
porous medium. The results showed that the average Nusselt number of the hot
wall will increase with the increase of Rayleigh number number, and under dif-
ferent heat transfer conditions, there are two different critical Rayleigh numbers.
In the case of different concentrations of the same concentration, the critical Ray-
leigh number is about 10°, when Ra > Ra, the average Nusselt number of water
is higher; when Ra < Ra., the average Nusselt number of, the average Nusselt
number of ethylene glycol is higher. In the case of different concentrations of
same particles, the critical Rayleigh number is between 10° and 10°, there was
also a critical Rayleigh number (Ra. =10°%), when the Ra < Ra,, the average
Nusselt number of the hot wall will increase with the increasing of concentration;
when the Ra > Ra, there is a slight decreasing in the average Nusselt number
with the increasing of concentration. The critical Rayleigh number of water as
the base fluid is smaller than that of ethylene glycol as the base fluid.

Key words: porous medium, natural convention, lattice Boltzmann method,
nanofluids

Introduction

A porous medium is a multiphase, multifunctional material composed of a solid sub-
stance with tiny voids in its skeleton. Such a medium has many outstanding features, such as
low density, high porosity, and large specific surface area [1]. Nanofluids have rapidly devel-
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oped into a new type of heat transfer working medium because of their high heat conductivity
coefficient and extensive application prospects in strengthening heat transfer [2]. Studies on
the heat transfer mechanism of fluids in porous media generally focus on two aspects: the
properties of the porous medium frame and nanofluids. Li et al. [3] built a test bench to study
solid-liquid phase changes strengthening heat transfer in metal foam using paraffin as the
phase change material and systematically studied the effect of foam porosity and pore density
on temperature change. Results showed that high porosity can accelerate the speed of inter-
face movement. Nnanna et al. [4] experiment confirmed that adding nanoparticles in solution
can enhance the heat transfer characteristics of the liquid and that the increase in the volume
fraction of nanoparticles weakens the effect of nanofluid heat exchange to a certain extent. Li
et al. [5] analysed the effect of nanoparticles on the heat transfer characteristics of natural
convection in a closed cavity by numerical simulation method. Results showed that adding Cu
nanoparticles to aqueous liquid can strengthen the heat transfer characteristics of the natural
convection of the base solution. The velocity component of the nanofluids also increases with
increasing volume fraction, thereby accelerating the energy transmission in the fluid.
Khanafer et al. [6] numerically studied the heat transfer characteristics of Cu-water nanofluids
in rectangular vessels and found that the heat transfer characteristics of natural convection can
be improved by increasing the volume fraction of the Cu nanofluids.

Complex porous medium structures cause great complexity in analyzing internal
flows. The lattice Boltzmann method (LBM) can accurately obtain the Navier-Stokes (N-S)
equations. This equation can solve the real pore geometric structure during treatment of com-
plicated pore geometries without simplifying or modifying the complex pore structure. Thus,
LBM has become a very competitive numerical calculation method in studying fluid-flows in
porous media [7]. Reports on the use of LBM in simulations of the natural convection heat
transfer in nanofluids in a cavity partially filled with a porous medium are rare. In this paper,
the mixture of Al,Os-water, Al,Os-ethylene glycol, Cu-water, Cu-ethylene glycol, SiO,-water,
and SiOz-ethylene glycol are selected as study materials, tab. 1 and the coupling double dis-
tribution LBM model proposed by Guo and Zheng [8] is employed. Heat transfer in the natu-
ral convection of different nanofluids in a 2-D square cavity partially filled with porous media
is simulated. The average Nusselt numbers are obtained, and the effects of different Rayleight
number values and volume fractions of nanoparticles on the nanofluids are studied.

L - Physical model and

governing equations

Fluid Physical model

area

In this paper, the physical model is a 2-D
square cavity of length, L, that partially filled with
vertical porous layer, as shown in fig. 1. For the
Porous model, the vertical surfaces are held at constant
medium temperature, T, and Tw, respectively. The two hori-
zontal walls are adiabatic. The actual width of the
porous layer is d, which is in the left of the cavity,
and the dimensionless width of the layer is D(d/L).
© In this paper, d is 20 units. The origin of co-ordinate

Figure 1. Schematic of the physical model ~ system is the lower left corner of the cavity. The
of enclosure cavity
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model takes horizontal direction as the x-direction and the opposite direction of gravity as the
y-direction.

Table 1. The physical parameters of selected material

Material Water Ethylene glycol aqueous solution Al203 Cu SiO

p [kgm-3] 997.1 1093.24 3970 | 8933 | 2200

Cp [J kg K] 4179 2927 765 385 703

K [Wmk™] 0.613 0.327 25 400 1.2

105 [K] 21 21 085 | 1.67 | 0.65
The initial conditions and boundary conditionsaret=0,u=v=0,T=0, x =0,
u=v=0,T=Tyux=Lu=v=0,T=T,y=0u=v=0,0T/on=0,y=L,u=v=0,

oT/on=0.

Calculation of properties of nanofluids

The volume fraction of Al,Os-water and Al;Os-ethylene glycol, Cu-water and
Cu-ethylene glycol, SiOz-water and SiOz-ethylene glycol nanofluids this paper chose were
0.5%, 1%, 1.5%, 2%, 3%, and 4%.

The density of nanofluids is expressed [9]:

Pt == 9)pr + 00, 1)

where ¢ is the volume fraction of nanofluids, pr — the density of base fluids, and p, — the den-
sity of nanoparticle.
The capacity of nanofluids is expressed [9]:

PaiCPrt = (L= 0) o:Cp; + 90,Cp, (2)

where Cpr and Cpy are the capacities of base fluids and nanoparticle.
The viscosity of nanofluids is expressed [10]:

o = 4 (1+39.110+ 533.9¢7) 3)

where s is the viscosity of base fluids.
The coefficient of thermal conductivity of nanofluids is expressed as [10]:

ke Ko+ 2k —20(k —ky)

Kk @)
£ o +2Ke + (ke —kp)
where kp and kr are the thermal conductivity of nanoparticle and base fluids.
The thermal diffusion coefficient of nanofluids is expressed [10]:
Ko
At = —— ®)
" (pcp)nf

Governing equations

In this paper we studied the heat transmission of unsteady natural convective of
nanofluids in a 2-D square cavity partially filled with porous medium, so we assume that the
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configuration of porous media in the cavity is homogeneous, rigid and isotropic. We also as-
sume that the nanofluids are considered as two different homogeneous components of single-
phase medium mixed and the fluid is incompressible and viscous fluid flow can be described
by Brinkman-Forchheimer model and it meet the Boussinesq hypothesis [11]. This hypothesis
consists of three parts: the viscous heat dissipation in the flow is negligible, other parameters
except density is constant, and for density, the density of the rest items is constant, consider-
ing only the volume dependent force in the momentum equation. At this point, the flow conti-
nuity equation and Brinkman-Forchheimer equation can be written:

Vu=0 (6)

6_u+(uv)(EJ:_£V(gp)+veV2u+F )
ot £ Yol

where ¢ is the porosity of porous media, p — the density of fluid, u and p — the average speed
of fluid volume and pressure, respectively, ve — the effective kinematic viscosity coefficient,
and F — the total body force due to the presence of porous media and other external force
fields, which can be written:

ev ¢F
F=-y-2= G
U \/E|u|u+g (8)

On the right side of eq. (8), the first item is the frictional resistance of fluid and po-
rous media skeleton, the second one is the inertia due to the presence of porous medium, v —
the kinematic viscosity of the fluid, K and F, represent permeability and geometric function,
respectively, and G is the volume force caused by external forces. If G is caused only by grav-
ity, the influence of gravity can be expressed as eq. (9) under the Boussinesq hypothesis:

G=-gp(-Ty) )

where g is the gravitational acceleration, g — the thermal expansion coefficient, T — the aver-
age temperature of the system. The geometric function, F., and the permeability, K, have rela-
tionship with the porosity, ¢, respectively. For the porous media that is made of solid particles,
F. and K can be expressed based on Ergun’s empirical formula [9]:

L75 o c%
15063 150(1-£)°

where d; is the diameter of the solid particles. In eq. (7), the generalized N-S eq. (7) will be
degraded to the standard N-S equation when the porosity ¢ — 1, namely, in the absence of the
porous media.

The heat transfer problem always involves in fluid-flow in actual applications. If we
ignore the compression work and viscous heat dissipation, it can meet local thermodynamic
equilibrium condition between the fluid and solid, and then the energy equation of convection
heat transfer in the porous media can be expressed:

U%T +UVT =V(a,VT) (11)

F, =

(10)

where T is the average volume temperature of fluid. The formula o =&+ (1~ &) p,Cps/ 05 C ¢
represents the ratio between the heat capacities of the solid and fluid phase, ps, pf, Cps, and Cpr,
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are the density and capacity of the solid and fluid phase, respectively, am denotes the effective
thermal diffusivity.

In order to represent the characters of natural convection heat transfer in porous me-
dia, we can introduce several dimensionless numbers: the Darcy number, Da = K/L?, the vis-
cosity ratio, J = velv, the Prandtl number, Pr = v/am, and the Rayleigh number Ra =
gBATL3/vIam, where L is the cavity length, AT = TH — T, — the temperature difference be-
tween the hot and cold side walls.

Lattice Boltzmann model and boundary condition

Nanofluids double distribution of lattice Boltzmann model

For the natural convection heat transfer problem of nanofluids in partial filled with
porous media cavity in this paper, we use the double distribution function model to study the
fluid flow field and temperature field. Meanwhile, the D2Q9 model is employed and the lat-
tice Boltzmann evolution equations [11] can be expressed:

fi(x+edtt+8)— fi(xt)=- f(x,t)— f9(xt)

+o.F (12)
z-V
_ gi (X,t) B gleq (X,t)
Tt
where i = 0~8, fi the distribution function, f,* — the corresponding equilibrium distribution
function, g; — the temperature distribution function, g — the equilibrium temperature distri-
bution function, z, and = are the velocity non-dimensional relaxation time and the temperature
relaxation time, respectively. Equation (12) recovers the continuity and the momentum egs.

(6) and (7). Equation (13) describes the evolution of the internal energy and leads to eq. (11).
Usually the speed configuration of D2Q9 model is defined:

gi (X +eot,t+6) - gi(x.t) =

(13)

(0!0) i=0

e = c{cos[(i —1)%}, sin{(i —1)2}} i=1,2,34 (14)

ﬁ{cos[(Zi —1)ﬂ, sin[(Zi —1)%}} i=56,78

where lattice speed ¢ = dx/dy, dx and J are time step and the grid step, respectively. Generally
the grid spaces on the directions of x and y are the same ox = dy.

On the basis of the continuous Boltzmann equation, we can get the equilibrium dis-
tribution function according to discrete the time and space. It is defined:

gu w} (15)

£ = a}lpI:1+ s
2 4
C; 2&C,

g =0T (o-+ei—2uJ (16)

Cs
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where c, =c/+/3 is the speed of sound and the values of the weight are given by wy =419,
@ =19(i=1~4), w =1/36(i =5~ 8).
In eq. (12), the forcing term can be given by:

F uF:(ee —c’l
Fi:a)lp 1_i e|_2+L'405) (17)
2r, )| ¢ £C,

The corresponding effective viscosity and the effective thermal conductivity in mac-
ro equation are given by:

Ve =C2 (r\, - %J St ay, = oc? (rt — ;j o (18)

The macroscopic quantities, fluid density and internal energy are defined:
p=31, T:Z%- (19)
i i

The speed of the fluid is calculated by using a temporary speed, which can be writ-
ten:

h— v (20)

Co +4/C5 +C, ||

where parameters co and c; are given by:

1 o v o F.
C==|l+e2—|, =gt £ 21
02( gZKJ ERRE e (1)

Both the equilibrium distribution of lattice Boltzmann model and the forcing term
contain porosity. When the porosity is equal to one, they can become the standard form.
Therefore, in this model, not only the effect of porous media but also the feature of free flow
of fluid are considered. Both strictly obey the momentum transfer in different regions. The in-
terface between porous medium and free fluid can automatically satisfy the continuity condi-
tions, which avoids the problem of interface slip.

Boundary processing and criterion

After choosing the governing equation, we need to determine the distribution func-
tion on the boundary node according to the known macroscopic boundary conditions. There
are lot’s of boundary conditions, such as Heuristic scheme, extrapolation scheme, Surface
boundary scheme and pressure boundary. In this paper we used the non-equilibrium extrapola-
tion scheme, the basic thought is to divide the distribution function on the boundary nodes into
two parts: equilibrium and none equilibrium distribution function, in which the equilibrium
distribution function was defined according to the boundary conditions, and the non-equilib-
rium distribution function was determined according to the non-equilibrium extrapolation.

The non-equilibrium extrapolation scheme divides the particle distribution functions
on the boundary into two classes: equilibrium and non-equilibrium. The non-equilibrium ex-
trapolation scheme has high accuracy and feasibility. Therefore, the range of the scheme is
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wider than that of other boundary conditions, and the calculation 6
is simple and easy to implement [8]. \

As shown in fig. 2, after the completion of fluid particle mi-
gration in time, t, distribution function f,, fs, and fs on boundary
lattice, xp, is unknown, in order to determine the distribution
function on the boundary, it is divided into two parts of equilibri-
um and non-equilibrium state, i. e.:

£ (%) = (%, 0) + ™ (x,,1),  1=256 (22) 7 ! s

where ™ is non-equilibrium parts. Figure 2. Boundary points
For the velocity boundary, the velocity uy at node X, is distribution function

known, while the density pw is unknown. In the non-equilibrium

extrapolation scheme, the modified equilibrium distribution function F number is:

£ (%) = £ p(x, 0, U, ], =256 3)

where Xt and x;, are adjacent fluid lattices, where the density replaces the wall density, and the
non-equilibrium distribution function is:

£ (%) = 0 (%, 1) = i (¢, ) = V(% 1), 1=25,6 (24)
Then the non-equilibrium extrapolation scheme can be written:
fi (%, 1) = VL o(%, ), U J+[Fi (% ) = V(% 0)],  1=256 (25)

In this paper, the convergence criterion was:
> lu(x.t+At)—u(xb)|
D Jux,t)|<1.0e -6

DT (xt+At) =T x|
DT x.t)|<1.0e-6

(26)

(27)

Results and analysis

Method validation

To test the reliability of the model and the method, LBM was used to simulate natu-
ral convection in a 2-D square cavity partially filled with a porous medium. The vertical sur-
faces of the cavity were held at constant high or low temperatures. The horizontal walls were
adiabatic and impermeable. To evaluate the calculation results, the average Nusselt numbers
on the hot wall were compared with existing literature data and LBM findings, and the results
are tabulated in tab. 2. and fig. 3. Good quantitative agreement between results was obtained.

Effects of different Rayleigh numbers on the
nanofluids in porous media

To study the effect of different Rayleigh numbers on nanofluids in cavities partially
filled with porous media, Al,Os-water and Al,Os-ethylene glycol, Cu-water and Cu-ethylene
glycol, and SiO.-water and SiO-ethylene glycol nanofluids were chosen as study materials.
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Table 2. Comparison of the average Nusselt numbers on the hot wall with other numerical results

This Maximum
o bE! s [12] [13] [14] [15] study | relative error
10 | 0.6 | 1072 | 11.40 2.243 2.223 2.195 2.235 2.374 8%
105 | 0.6 | 1072 | 11.40 4515 4572 4.450 4.504 4.330 5%
105 | 0.6 | 1072 | 11.40 8.803 8.837 8.803 8.767 8.932 2%
107 w17 16
Nugy, ——[13] Nu,, = | —e—Cu ¢
:Hg% Y, 14 { voesei@erisnas A|203 ///7{
81 —«This study 'TY e Si0y / ‘/?/
a Cu-Z £
|—-8— ALOs-Z 47
6 [ - SiQO;Z Vi
8 1 _/,'/’
o ’(/;.-?//
oS e =
dfTEEE
21 2=
T T T T T 0 . T T
10+ 10 10° 1e+3 le+4 1e+5 1le+6 le+7
Ra Ra
Figure 3. Comparison of the average Nusselt Figure 4. Nusselt number as a function of the
numbers on the hot wall with other numerical Rayleigh number of different nanofluids

results

The concentration of all of the solutions was 3%; other parameters were set: D = 0.1, ¢ = 0.6,
Da=107%and J=1.

Figure 4 shows the Nusselt number as a function of the Rayleigh numbers of the six
nanofluids. Findings reveal the following.

When the nanoparticles are the same, the average Nusselt numbers of two base flu-
ids in the corresponding nanofluid groups increase with increasing Rayleigh number. A criti-
cal Rayleigh number, Rac, was also found for each type of nanofluid. When Ra < Rac, the av-
erage Nusselt numbers of ethylene glycol are higher than those of water. It means that, at low
Rayleigh number, the heat transfer effect of ethylene glycol as a base fluid is better than that
of water. When Ra > Rac, water is better than ethylene glycol. This finding is attributed to the
fact that, at low Rayleigh number, heat transmission in the porous medium cavity is mainly
due to the heat conduction of the skeleton and nanofluids. As the thermal diffusion coefficient
of ethylene glycol is high, its effect is better than that of water. At high Rayleigh number, nat-
ural convection is dominant and the viscosity of water is low. Thus, the buoyant force re-
ceived by the nanoparticles is more than that received by ethylene glycol. Movement becomes
more vigorous, and fluid disturbance is more intense; thus the heat exchange effect of water is
better than that of ethylene glycol.

Effects of different nanoparticle concentrations
on the nanofluids

To study the effect of the concentration of the same nanoparticle with different Ray-
leigh numbers, 3% Al,Os-water was chosen as a study material. Other computational parame-
ters were set as follows: D =0.1, £ =0.6, Da=1072and J= 1.
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Figure 5 clearly shows that when Ra < 105,

the average Nusselt numbers increase with in- Nuavﬂs"__"—;a e T e

creasing concentration, when Ra = 10° minimal 141 eRa = 108

effects are observed and when Ra > 10° the av- 12" 2 Ra- 108

erage Nusselt numbers decrease with increasing T L

concentration. A critical Rayleigh number, Ra’, 8]

was also found, the effect of heat exchange on 6

the same nanofluid in the cavity is limited by ) S v

Rayleigh number. When Ra < Ra’, the heat 4

exchange increases with increasing concentra- C G Gy S—- , !

tion, otherwise, heat exchange decreases. At 001 002 s

low Rayleigh number (Ra < Ra’c), heat trans-
mission in the porous medium cavity is domi-
nated by heat conduction of the skeleton and
nanofluids. The thermal diffusion coefficients
increase because of the nanoparticles, so the effect is enhanced with the increase in concentra-
tion. With increasing Rayleigh number, the buoyant force of the nanoparticles is strengthened,
the irregular motion of the nanoparticles becomes more intense, and the disturbance of the
nanofluids increases. All of these phenomena intensifying the effect of heat exchange in the
porous medium cavity. However, the increase in concentration also increases the viscosity,
and high viscosity restrains the disturbance of nanoparticles and weakens the heat transfer en-
hancement effect of the nanofluids. Hence, when Ra > Ra’c, the effect decreases even though
the effect of heat exchange is dominated by natural convection.

Figure 5. Nusselt number as a function of
concentration for the same nanofluid

Effects of different base fluids and nanoparticles
on the nanofluids

To study the effect of different base fluids and nanoparticles on the nanofluids in the
porous medium cavity, AlOs-water and Al,Os-ethylene glycol, Cu-water and Cu-ethylene
glycol, SiO>-water and SiO»-ethylene glycol nanofluids were chosen as study materials. Other
computational parameters were set as follows: D =0.1,¢=0.6, Da= 102, and J = 1.

Figures 6(a)-6(d) show the Nusselt number as a function of concentration of differ-
ent nanofluids when the Rayleigh numbers are 104, 10°, 10%, and 107. The results clearly re-
veal:

— When Ra = 104, the average Nusselt numbers of the nanofluids with water and ethylene
glycol increase with increasing concentration. When Ra =10°, the average Nusselt num-
bers of the nanofluids with water decrease slightly, whereas those with ethylene glycol
still increase. When Ra = 108, the Nusselt numbers of the nanofluids with water decrease
with increasing concentration, whereas those with ethylene glycol change slightly. When
Ra = 107, the average Nusselt numbers of the nanofluids with water and ethylene glycol
decrease with increasing concentration. Therefore, the critical Rayleigh numbers for wa-
ter and ethylene glycol as base fluids are 10° and 10°, respectively. The critical Rayleigh
number of water is less than that of ethylene glycol, which is only related with base flu-
ids.

— For the different base fluids, when Ra < Ra’¢, even though the average Nusselt numbers
of the three groups of nanofluids increase, the greatest increase occurs in the SiOz-ethy-
lene glycol system, followed by the Al,Osz-ethylene glycol system. The smallest increase
occurs in the Cu-ethylene glycol system when ethylene glycol is used as the base fluid.
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By contrast, when Ra > Ra'c, the average Nusselt numbers of the three groups of nanoflu-
ids decrease, but the decrease in the SiO,-ethylene glycol system is larger than those in
the two other systems. Similarly, when water is the base fluid and Ra < Ra’c, the average
Nusselt numbers of the three groups of nanofluids increase, and the increase in the Al,Os-
water system is larger than those in the two other systems. When Ra > Ra'c, the average
Nusselt numbers decrease with concentration, but the effect of Al,Os-water heat ex-
change is better than that of other heat exchange systems. These findings indicate that dif-
ferent nanoparticles mixed with different base fluids influence the heat transfer of natural
convection in a 2-D cavity partly filled with porous medium.

7 5.8
Nu Cu Ra =104 Nugy —e—Cu Ra = 105
av 5.6 e Si0O
6 —— A|253 1
54] - a—-C{
—=— S0
5 52{ ——w— Al,Gs A
5.0 e
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Figure 6. Nusselt number as a function of concentration of different nanofluids

The previous analysis shows that a critical Rayleigh number, Ra'c, can be obtained
for various types of nanofluid with different base fluids and in particular, the Ra'c of ethylene
glycol is larger than that of water. When Ra < Ra'c, the average Nusselt numbers increase with
increasing concentration because heat exchange in the porous medium cavity is dominated by
the heat conduction of nanofluids and the skeleton at low Rayleigh number. When Ra > Ra’c,
the average Nusselt numbers decrease slightly with increasing concentration because the vis-
cosity of nanofluids increases with the nanoparticle concentration at high Rayleigh number.
However, high viscosity restrains the heat transfer enhancement effect of nanofluids, and heat
exchange is still dominated by natural convection.
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Figures 7(a)-7(c) show that the temperature field distribution of different volume
fraction. In this case, the Rayleigh numbers are 108, other computational parameters were set
as follows: D = 0.1, ¢ = 0.6, Da = 1072, and J = 1. From figs. 7(a)-7(c), we can see that the
temperature boundary layer of 3% volume fraction are thinner than that of 2% and 1%. It
shows that when Rayleigh number is certain, in the selected concentration range, with the in-
crease of concentration, the effect of heat exchange is better. This is consistent with the con-
clusion drawn from article [16].

V2 4%% «é \q'f-os C} é 1%

80 Aok
' o
60

®©

(=)

[f /”f%%ﬁmﬁmpmﬁ

- 0.1 ~————
CT/"——"O =)
172 -0 = —-—:39
0= \()I RN A
0 20 40 60 80 100 0 20 40 60 80 100
(a) V1 (b) V1
100 39%

e =

80

0.0
6’64

=02

6045
Figure 7. Temperature field distribution of

different volume fraction -

Conclusions

This study used LBM to simulate the natural convection of different nanofluids in a
cavity partly filled with porous medium. The Al,Os, Cu, and SiO; were selected as nanoparti-
cles, and a mixture of water and 70% ethylene glycol aqueous solution was used as a base flu-
ids. Changes in average Nusselt numbers with Rayleigh number and ¢ were determined. The
results reveal the following:

e The LBM can be applied to solve problems at the porous medium heat flow representative
elementary volume scale. The model used in this study is a uniform model that not only
considers the influence of the physical properties of the porous medium itself but also re-
flects the characteristics of fluid-flow, thereby avoiding the composite region interface.
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Average Nusselt numbers increase with increasing Rayleigh numbers when different
nanofluids transfer heat by natural convection in the porous medium. Each nanofluid has
a critical Rayleigh number, Ra’.. When Ra > Ra'c, the average Nusselt numbers of water
as a base fluid are large and the effect of natural convection is better than that of ethylene
glycol. When Ra < Ra’c, the average Nusselt numbers of ethylene glycol as a base fluid
are larger than those of water.

A critical Rayleigh number, Ra’c, is also found for different nanoparticles with different
base fluids, and Ra’c is only related to the base fluid; Ra’c is small when water is used as
the base fluid. When Ra < Ra’c, the average Nusselt numbers increase with increasing
concentration. When Ra > Ra'c, the average Nusselt numbers decrease slightly with in-
creasing concentration.

When ethylene glycol is used as the base fluid, the average Nusselt numbers of
SiO-ethylene glycol are larger than those of Al,Os-ethylene glycol and Cu-ethylene gly-
col nanofluids and the effect of heat exchange is the best. When water is used as the base
fluid, the average Nusselt numbers of Al,Os-water are larger than those of Cu-water and
SiO.-water and the effect of heat exchange is the best.
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Nomenclature
c —sound velocity M —dynamic viscosity, [kgm-s?]
d — diameter @  —nanoparticles volume fraction
D — dimensionless thick v —kinematic viscosity, [m?s1]
F — mean Nusselt number p  —density
g — gravitational acceleration, [ms 2] o  —different components
G — volume force Subscript
J — viscous coefficient ratio
K — total force of porous medium resistance and c  —critical

other external forces f — fluid
L — cavity length and the width e  —effective
Nu  —local Nusselt number H —high
T — dimensionless temperature L —low
t — total step nf  — nanofluid
u, v, w — velocities, [ms] p  —solid particle
X, Y, Z — co-ordinates, [m] S —solid

€ — effective

Greek symbols ©® - phase change rates

a  —thermal diffusivity, [m?s]

£ —thermal expansion coefficient

References

[1] Zhu, Y. H., et al., Lattice Boltzmann Simulation of Permeability in 3D Porous Medium, Well Logging
Technology, 32 (2008), 1, pp. 25-28

[2] Choi, S. U. S., Enhancing Thermal Conductivity of Fluids with Nanoparticles, in: Developments and
Applications of Non-Newtonian Flows (eds. D. A. Singer and H. P. Wang), American Society of Me-
chanical Engineers, New York, USA, 1995, FED 231, pp. 99-105.

[3] Li, W.Q., etal., Experimental and Numerical Studies on Melting Phase Change Heat Transfer in Open-

Cell Metallic Foams Filled with Paraffin, Applied Thermal Engineering, 37 (2012), 5, pp. 1-9



Yao, S., et al.: The Study of Natural Convection Heat Transfer of ...
THERMAL SCIENCE: Year 2019, Vol. 23, No. 2B, pp. 1003-1015 1015

[4] Nnanna, A. G. A, et al., Experimental Study of Local Thermal Non-Equilibrium Phenomena during
Phase Change in Porous Media, International Journal of Heat and Mass Transfer, 47 (2004), 19-20, pp.
4365-4375

[5] Li, X.F., etal., Thermal Conductivity Enhancement Dependent pH and Chemical Surfactant for Cu-H20
Nanofluids, Thermochimica Acta, 469 (2008), 1-2, pp. 98-103

[6] Khanafer, K., et al., Buoyancy-Driven Heat Transfer Enhancement in a Two-Dimensional Enclosure
Utilizing Nanofluids, International Journal of Heat and Mass Transfer, 46 (2003), 19, pp. 3639-3653

[7]1 Martys, N. S., Chen, H. D., Simulation of Multicomponent Fluids in Complex Three-Dimensional Ge-
ometries by the Lattice Boltzmann Method, Physical Review E, 53 (1996), 1, pp. 743-750

[8] Guo, Z. L., Zheng, C. G., Theory and Applications of Lattice Boltzmann Method, Science Press, Beijing,
2009

[9] Nguyen, C. T., et al., Temperature and Particle-Size Dependent Viscosity Data for Water-Based
Nanofluids — Hysteresis Phenomenon, International Journal of Heat and Fluid Flow, 28 (2007), 6, pp.
1492-1506

[10] Haddad, Z., et al., A Review on Natural Convective Heat Transfer of Nanofluids, Renewable and Sus-
tainable Energy Reviews, 16 (2012), 7, pp. 5363-5378

[11] He, Y. L., et al., Lattice Boltzmann Method: Theory and Applications, Science Press, Beijing, 2009

[12] He, P., et al., Thermal Lattice Boltzmann Flow and Heat Transfer Performance of Fluid Simulation, Ma-
chine Building & Automation, 4 (2009), pp. 90-91

[13] Meng, X., et al., Numerical Simulation of Natural Convection in the Closures Filled with Nanofluid, Re-
frigeration and Air Conditioning, 26 (2012), 4, pp. 330-333

[14] Tiwari, R. K., Das, M. T., Heat Transfer Augmentation in a Two-Sided Lid-Driven Differentially Heated
Square Cavity Utilizing Nanofluids, International Journal of Heat and Mass Transfer, 50 (2007), 9-10,
pp. 2002-2018

[15] D'Orazio, A., et al., Application to Natural Convection Enclosed Flows of a Lattice Boltzmann BGK
Model Coupled with a General Purpose Thermal Boundary Condition, International Journal of Thermal
sciences, 43 (2004), 6, pp. 575-586

[16] Liu, F., et al., Convective Heat and Mass Transfer in A Complex Cavity Partially Filled with Porous
Medium, Journal of Shandong University (Engineering Science), 41 (2011), 1, pp. 145-150

Paper submitted: March 2, 2017 © 2019 Society of Thermal Engineers of Serbia.
Paper revised: July 8, 2017 Published by the Vinéa Institute of Nuclear Sciences, Belgrade, Serbia.
Paper accepted: July 30, 2017 This is an open access article distributed under the CC BY-NC-ND 4.0 terms and conditions.


http://www.vin.bg.ac.rs/index.php/en/



