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Abstract: Numerical study of buoyancy natural convection in open building rooms has been performed using Lattice
Boltzmann Method (LBM). The right wall of the room is open, bottom is hot and the other walls are adiabatic. Numerical
results are presented in terms of isotherms, streamlines and average Nusselt number to investigate the effects of various
Rayleigh numbers and aspect ratios on heat transfer and fluid flow. It is concluded that as the aspect ratio decreases
maximum rate of heat transfer happens when Rayleigh number increases.
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1. INTRODUCTION

Due to their numerous advantages, systems based
on the heat transfer by natural convection are widely
used in several engineering applications such as solar
energy systems, electronic circuits cooling, air
conditioning and natural ventilation in buildings. Heat
transfer by natural convection in enclosures occurs in
numerous applications and has been studied
extensively in the literature [1-3]. In contrast, there is
rather little work with open cavities, which constitute
another important application area. Open cavities are
encountered in various engineering systems, such as
open cavity solar thermal receivers, electronic cooling
devices, in buildings, passive systems, etc. Few
numerical simulations in open cavities were reported
for aspect ratio of unity [4-7]. On the other hand few
research papers have been published on experimental
studies of buoyant flow in open cavities [8-10]. Some
basic approaches for analytical studies and also the
study of natural convection and heat transfer in
different building roofs is also considered extensively in
engineering [11-24]. In this paper LBM is used to model
the natural convection in a one side open building room
(open cavity). Lattice Boltzmann Methods are in high
pace development and have become a powerful
method for simulation fluid flow and transport problems
for single and multiphase flows [16, 17]. Most of the
mentioned works (in cavities) investigated natural
convection in cavities of aspect ratio of unity. The effect
of systematic analysis of aspect ratio on the physics of
flow and heat transfer is missing from the literature,
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which is worth being investigated. The velocity field and
temperature profile are unknown at the opening
boundary prior to solution. Such a boundary condition
has been tested for LBM applications for the first time
[18]. In present work, buoyancy natural convection in
open building rooms has been performed using Lattice
Boltzmann Method (LBM).

2. METHOD OF SOLUTION

Standard D2Q9 for both flow and temperature, LBM
method is used in the present work [16]. The BGK
approximation lattice Boltzmann equation without
external forces can be written as,

F(X+cAtt+Ar)- f(X,1)=Q, (1)

where f are the particle distribution is defined for
the finite set of the discrete particle velocity vectors
¢; . The collision operator, Q., on the right hand side of
Eq. (1) uses the so-called Bhatangar-Gross-Krook
(BGK) approximation [17]. For single time relaxation,
the collision term Q. will be replaced by:

=0 (2)

! T

where 7(7=1/w,) is the relaxation time and £ is the
local equilibrium distribution function.

The equilibrium distribution can be formulated as
[17]:

2
f=wp 1+3C;—'2u+%u——— (3)
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where u and p are the macroscopic velocity and
density, respectively, and , are the constant factors,
for D2Q9 is given as,

4/9 i=0,rest particle
0=1 1/9 i=13,5)7 (4)
1/36  i= 24,68

The discrete velocities, c,, for the D2Q9 (Figure 1) are
defined as follows:

¢, =(0,0),¢, = c(cos@,,sin6,)
6, =(k=1)7/2 for k=1,2,3,4 ¢, = c2(cos6,,sin6, ) (5)
0, =(k=5)m/2+7/4 for k=5,6,7,8 c, zcﬁ(cosek,sinek)
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Figure 1: Nine-speed square lattice.

where c¢=Ax/At, Ax and Ar are the lattice space and
the lattice time step size, respectively, which are set to
unity. The basic hydrodynamic quantities, such as
density p and velocity u, are obtained through moment
summations in the velocity space:

p(X.1)= X £(X.1) (6)
The macroscopic viscosity is determined by

v:[r—%}cfm (7)

where ¢, is speed of sound and equal to Cs/\/g- For

scalar function (temperature), another distribution is
defined,

g (x +AX, t+At ) =g, (x,t)[1- @, |+ @8 (x.1) (8)

The equilibrium distribution function can be written as,

c

s

g’ = wk¢(x,t){1+ Ck;“} (©)

In which @ is different for momentum and scalar
equations. For momentum,

1

0 =—— 10
" 30405 (10)

where v is the kinematic viscosity and for the scalar

1

0 =— 11
T 2.0+05 ()

where o is the diffusion coefficient (thermal diffusion
coefficient). Local Nusselt number is calculated as,

aT
Nulocal = _a_Y (1 2)

Nusselt number (Nu) is based on the length of the
room (L). T stands for dimensionless temperature.
Nusselt number is calculated by integrating Eq. (12)
along the bottom length of the cavity.

For average Nusselt number we have

_Nu
ave L

Nu (13)

The standard LBM consists of two steps, streaming
and collision. D2Q9 is used to solve the velocity and
temperature fields. The number of lattices used in x-
and y-direction depends on the aspect ratio. At least
100 lattices are used in y-direction except for aspect
ratio 0.5 in which the minimum number of lattices is
taken as 200, and number of lattice in x-direction is
aspect ratio multiplied by the number of lattices in the
y-direction. The buoyancy force term is added as an
extra source term to equation (1), as,

F,=3w,gBAT (14)

where g, B and AT are gravitational acceleration,
thermal expansion coefficient and temperature
difference.

3. BOUNDARY CONDITIONS

Figure 2 shows the configuration of natural
convection [25-33] in an open room. The aspect ratio
for the room is defined as As=L/H varies from 0.5 to
3. No-slip boundary condition has been imposed on all
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Figure 2: Configuration of natural convection in the open
cavity.

the walls. The bottom wall is maintained at constant
high temperature while the other walls are adiabatic
and the east boundary is open. The boundary
conditions have been implemented by using bounce
back boundary condition for flow and temperature at all
solid walls [18]. To handle the open boundary
condition, a special treatment implemented as same
the previous has been done [18].

4. RESULTS AND DISCUSSION

Natural convection in one side open building rooms
is studied numerically using LBM [34]. The results
obtained with the present code show good agreement
with previous work [18] and finite volume method [35-]
as presented in Table 1. The simulations are carried
out for different values of governing parameters which
are Rayleigh number Ra and aspect ratio. Figures 3,
4, 5 and 6 show the streamlines (on the left) and
isotherms (on the right) for Ra=10’-10° and aspect
ratios of 0.5, 1.0, 2.0 and 3.0, respectively. The cold
ambient fluid enters from the lower half portion of the
room is heated by the bottom horizontal wall then
moves upward due to the buoyancy forces and leaves
from the upper half of the opening for all aspect ratios.

Figure 3 shows streamlines and isotherms for aspect
ratio of 0.5 for different Rayleigh numbers; at low Ra
numbers (10°,10*) streamlines are closer to each other
near the bottom wall and by increasing the Ra number
amassed streamlines move upward to the up wall due
to strong buoyancy force; as it is obvious through
streamlines and isotherms, for Ra=10"and 10* some
parts of the room are unventilated where the isotherms
are not distributed thoroughly over the space and by
increasing in Ra which result in higher heat transfer
and stronger buoyancy force, the temperature gradient
scatters in the space better and flow circulation inside
the room gets more proper. Results for aspect ratio of
1.0 are displayed in Figure 4. For Ra=10’and
10* streamlines are equally spaced and when Ra grow
streamlines are tilted upward at the upper corner of the
closed end of the room due to strong buoyancy force.
However, the strength of the buoyancy is not enough to
form recirculation zone at the corner; at low Ra number
isotherms show that the temperature gradient is almost
constant along the room, where the isotherms are
nearly equally spaced and for Ra=10" flow is mainly
stratified at the lower half of the room and the flow
almost isothermal at the upper half of the room. Figure
5 demonstrates the results for aspect ratios of 2.0. For
Ra=10° there is also unventilated space which
streamline grow as Raincreases and fluid flow get
gradually stronger and develop to extend through the
whole space (Figure 5(b)) and for Ra=10’ the second
cell forms due to increase in Ra and aspect ratio which
like Figure 4(c) streamlines are tilted upward at the
upper corner of the closed end of the room due to
strong buoyancy force and further increase of Ra to
10°, increase buoyancy force and flow may form
recirculation at the upper corner of the closed end of
the room (Figure 5(c)). Streamlines and isotherms in
Figure 6 have similar trends like that of for aspect ratio
2.0 and for Ra=10’ (as aspect ratio increases to 3.0)
flow becomes one dimensional as increasing aspect
ratio for a given Ra decreases the rate of heat transfer
up to the conduction limit. The rate of heat transfer is
maximum for aspect ratio 0.5 and decreases as the

Table 1: Comparison of Mean Nusselt Number with Previous Works

Ra Present LBM [18] FV ([18])
10° 3.352 3.264 3.377
10° 7.318 7.261 7.323
10° 14.314 14.076 14.380
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Figure 3: Streamlines (on the left) and Isotherms (on the right) for (@) Ra=10", (b) Ra=10", (c) Ra=10", (d) Ra =10° and aspect

ratio of 0.5.
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Figure 4: Streamlines (on the left) and Isotherms (on the right) for (@) Ra=10", (b) Ra=10*, (c) Ra=10", (d) Ra =10° and aspect
ratio of 1.0.
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Figure 5: Streamlines (on the left) and Isotherms (on the

ratio of 2.0.

A —
e T ——

Figure 5 conti....

(d)

right) for (a) Ra=10°, (b) Ra=10", () Ra=10°, (d) Ra =10° and aspect

(a)

(b)

(c)

(d)

Figure 6: Streamlines (on the left) and Isotherms (on the right) for (a)Ra = 103, (b)Ra = 104, (¢)Ra = 105, (d)Ra = 106 and aspect

ratio of 3.0.
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Table 2: Average Nusselt Number for Different Aspect Ratios and Rayleigh Numbers

Ra Nu
As=0.5 As=1.0 As=2.0 As=3.0
10° 3.797 4.150 4.326 4.334
10* 3.734 5.948 7.659 8.126
10° 5.813 + 0.128 8.121 12.393 15.335
10° 8518 + 0.207 12.383 + 1.06 21.826 + 3.471 27.459 + 2.750
NU,ye
10° 7.594 4.150 2.163 1.445
10* 7.468 5.948 3.830 2.708
10° 11.626+0.256 8.121 6.197 5.112
10° 17.036+0.594 12.383+1.06 10.913+1.736 9.1530.916
aspect ratio increases due to hydraulic resistance, =~ REFERENCES
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rate of heat transfer, Nusselt number is expected to
reach conduction limit as the aspect ratio increases.
Table 2 gives local Nusselt number for various aspect
ratios at given Ra numbers; Nusselt increases as
aspect ratios and Ra increase and maximum heat
transfer happens for all aspect ratios at Ra=10° in
which the flow has an unsteady behaviour and the
table also presents the results for average Nusselt
number where the highest rate of heat transfer
happens for aspect ratio 0.5 and this value decreases
when aspect ratio grows.

5. CONCLUSION

Buoyancy driven flows in open building rooms are
studied using LBM for a range of controlling
parameters. Effects of various aspect ratios and Ra
number on heat transfer and fluid flow is investigated.
Numerical results shows that as the aspect ratio
decreases, rate of heat transfer increases with growth
of Rayleigh number. The results have been compared
with previous works including finite volume method and
as shown they are in excellent agreements. Results
revealed that LBM is a very powerful numerical method
in modelling fluid flow filed which has broad
applications in engineering problems.
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