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Abstract
This paper presents an investigation of natural ventilation within the bioclimatic roof (BCR) and

the roof solar collector (RSC). The objective of this study is to apply computational fluid dynamics

(CFD) in three dimensions. This is based upon the standard ft - s turbulence model in order to study

the characteristics of air in the gap, in terms of temperature and velocity as well as average /r, of both

roofs. The finite volume method is used to solve the Navier-Stokes equations. Simulations were
carried out by applying the boundary conditions based on experimental data in winter (December 1999)

and summer (March 2000) conditions of Thailand. The predicted data by the CFD program was

validated against the experimental data and good agreement was achieved. Comparison results of both

roof-s were made and the findings are presented in this paper.
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1. Introduction
There are two modeling approaches related

to building energy simulation i.e. zonal
networks and computational fluid dynamics
(CFD) [-2]. Although well adapted for building
energy application, the zonal network method is
limited because the momentum effects are
neglected [2]. As a result of low resolution, local
surface convection heat transfer is poorly
represented. To overcome these limitations, it is
imperative to conflate CFD and building
simulation. There were various research works
worldwide on building simulation using a CFD
technique [3-5], especially that involved directly
the roof [6]. However, research work on CFD in
building simulation in Thailand is rather rare.
Some research studies in this area in Thailand
using the CFD technique are presented in [7-9].

The roof is the most important part of a
building envelope because it is largely and
continuously exposed to the sky. Solar induced
natural ventilation can be applied by a solar
chimney when the openings are appropriately
installed. Normally, roof tiles are isolated from

the occupied space. Therefore, it can be heated
as much as possible by absorbing incident solar
radiation. Air in the gap simply flows to the top
of the chimney by the buoyancy effect. The
stagnant room air is then extracted, providing
natural ventilation and also reducing heat gain
passing through the roof [0].

Over the years, the bioclimatic roof (BCR)
and the roof solar collector (RSC) have been
promoted to provide natural ventilation in
buildings design. These roofs emphasize thermal
and ventilation performance. During the day the
BCR and the RSC act as a solar chimney, which
also helps in ventilation. The BCR permits the
use of indirect daylight, while during the night,
it acts as a roof radiator. The BCR consists of a
combination of both concrete and transparent
tiles at the top, a gap to allow airflow in the
middle, and another combination of gypsum
with aluminum foil board and translucent sheets
at the bottom. On the other hand, the RSC
consists only of concrete tiles at the top, a gap to
allow airflow in the middle, and gypsum board
at the bottom. The descriptions of the RSC and
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the BCR are shown in Fig. l. The BCR and the
RSC were integrated into the school solar house.
The experiments were conducted and executed
under the tropical climate of Thailand in order to
investigate their thermal and lighting
perfbrmances.

The performance of both BCR and RSC
were extensively investigated based on field-
testing and the results were clearly presented in
[10-13]. The previous studies of natural heat
convection within the BCR and the RSC aimed
at predicting the airflow rate, and also applied an
empirical model introduced by Bansal [4j.
Recently, it has been shown that the heat
transt-er coefficient of the RSC has been
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promoted based on its experiments and
correlations. I l5-161.

However. the characteristics of airflow and
the temperature in the air gap of the BCR and
RSC have never been caried out. Although the
use of high precision equipment fbr real-time
visualization and in situ monitoring of the
airflow in both roofs seem to be complicated,
the main constraint is the cost. Consequently,
the objective of this study is to investigate the
natural ventilation within the BCR and the RSC.
which are later simplified to be partially glazed
and unglazed inclined open-ended rectangular
channels by means of CFD simulation [7].

Unit: Meter

Outlet Air
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Sheet
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Fig 1. Description of the RSC (upper) and the BCR (lower).
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2. Assumptions and Simulation Technique
In order to study the natural heat convection

within the BCR and the RSC, the following
assumptions are tbrmulated:

- The BCR and the RSC were considered as
partially glazed and unglazed inclined
open-ended rectangular channels.

- Heat is transferred in three dimensions
under the steady state condition.

- Air in the gap is considered as a non-
radiative gas with no heat generation.

- The airflow is turbulent.
- The radiation exchange between the upper

and lower surfaces of the gap is neglected.
By accepting the Boussinesq

approximation, all thermal properties of air
except density are constant and the buoyant flow
could be expressed in tems of a temperature
gradient rather than represented in terms of a
density gradient.

2.1 Governing Equations
The Navier-Stokes equations were used to

describe the motion of fluid. The flow field can
be described by the conservation equations of
mass, momentum components and thermal
energy. By applying the above assumptions, the
governing equations can be written in vector
form as shown in the following equations.

The cont inui ty  equat ion :

v t = o
The momentum equat ion in  x  ,  Y and

z component :

p f i  . v i l  =  -VF+  p (v ' v ) -  ps i ,  i :  x , ! , 2
The energy equation :

pc r(i.vr) = k(v'�T)

Where I is tne velocity vector, p is the

pressure, 7r is the fluid viscosity, ft is the

thermal conductivity, p is the air density, co is

the specific heat capacity, g is the Earth's

gravitational acceleration and T is the
temperature in Kelvin.

Although the new model of turbulence was
proposed in [8], the standardft -s turbulence
model was still suitable and convenient |9-221.
In this study turbulence is accounted for by the
standard version ft - e model together with
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appropriate treatments for the conditions at the
wall boundaries. All equations were solved
simultaneously by using the finite volume
method. The boundary conditions of the BCR
and the RSC are presented in the next section.

2.2 Boundary Conditions
The discretization of the BCR and the RSC

are an unconstruction grid, in the range of
0.02m. The finite element method was used to
construct the grid. Boundary conditions of both
roofs are considered as a constant wall
temperature based upon the experimental results

[131. For the singular points, the boundary
singularity was applied for simplicity [23]. The
inlet air velocity of both roofs is at normal speed
and also based on results from the experiments
in the summer and winter conditions of Thailand.
The thermal boundary conditions of the RSC

and BCR are presented in Fig. 2, where I 
, 

and

2., stand for the temperature of CPAC Monier

tiles in summer and in winter respectively, Tg5

and Tgw stand for the temperature of gypsum

board in summer and in winter respectively,

Z* and I* stand for the temperature at both

sides of the BCR and the RSC in summer and in

winter respectively, Vr and V* stand for the

normal inlet air speed in summer and winter

respectively, T,^. and I,-,,, stand for the
t l t J  t l t v v

temperature of transparent tiles in summer and

in winter respectively. T 
f1-, 

and I* stand ior

the temperature of translucent sheets in the

summer and in winter respectively. l, and

1., stand for the inlet air temperature in

summer and winter of the BCR and the RSC,
respectively.

As mentioned earlier, these thermal
boundary conditions were obtained from the
experiments conducted during winter
(December 1999) and summer (March 2000) in
Thailand.
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Generally, the inlet air velocity can be
considered as the Cartesian velocity, the velocity
profile, the uniform f1ow, zero velocity, pressure
gradient, relative pressure, etc. With reference to
this study, the inlet air velocity of both roofs
were considered as the unifbrm speed due to the
speed of inlet air which was obtained from the
measurement. We supposed that the direction of
the inlet air was parallel to the horizontal plane
for simplicity. The simulation results were
obtained by running the CFX computer software
[24] with these thermal boundary conditions.
The average convective heat transfer
coefficients of the upper and lower surface of
the air gap were found based on the Newton
cooling law ofheat conduction [25].

3. Results and Discussion
The temperature distribution of air in the air

gap of RSC in summer and winter is based on the
standard k - s turbulence model of CFD

Tss-36"C. Tsw-25oC

Tcs-50"C, Tcw-28"C

Ttps 60"C. r lP* 40"C .*2t

Tcs:50oC,,"*=*rr,,4 ,4{,

;

l

'@''.

Fig. 2. Thermal boundary conditions of the RSC (upper) and the BCR (lower).

Tss'.36"C. Tsw:25'C

Tcs-5OoC. Tcw=28"C

Tgfs-46"C, Tgtw-33"C

Ttls:32'C, Ttlw-26'C

prediction as shown in Fig. 3 and Fig. 4. The
velocity profile within the RSC in the summer
and winter are shown in Fig. 5 and Fig. 6.
The velocity vector within the RSC in the
summer and winter are shown in Fig. 7 and Fig. 8,
respectively.

For the BCR. the temperature distribution of
air in the air gap fbr summer and winter from the
simulation are shown in Fig. 9 and Fig. lO.The
velocity profile in the summer and winter are
shown in Fig. 1l and Fig. 12. The velocity vector
within the BCR in the summer and winter are
shown in Fig.l3 and Fig. 14, respectively.

The boundary condition of both RSC and
BCR were defined as the constant wall
temperature. The maximum temperature occurred
during summer and was found to be 60"C for the
BCR and 50"C for the RSC. Simulation results
revealed that the temperature gradient was near
the upper surf-ace of the air gap within the RSC as
shown in Fig.3 and Fig.4. The temperature
difference clearly represents the greenhouse

. ,4



effect as shown in Fig. 9 and Fig. 10. Due to the
thermal radiation being neglected in the
simulation; the heat might be transf'erred to air by
natural convection only. Hence, the magnitude of
the temperature gradient is displayed along the
surface of roof tiles only. The temperature of air
in the gap was expected to be increased if the
thermal radiation between the upper surf'ace and
the lower surface of both roofs were taken into
consideration in the simulation.

However. this indicated that both RSC and
BCR could reduce heat gain of the occupied
space. The significant temperature gradient is
display near the upper surface ofboth roofi only.

The temperature at the mid-plane of the air
gap (See Fig. 3.), from the measurement and
simulation, were compared for both roofs for
validation. Results in winter (December 1999)
and summer (March 2000) are shown in Table I
and Table 2, respectively.

Table 1. Measured and simulated temperature at
mid-plane in degrees Celsius of both roofs in

inter (December 1999

Note: M = measured and S = simulated

Table 2. Measured and simulated temperature at
mid-plane in degrees Celsius of both roofs in
summer (March 2000).

Note: M = measured and S = simulated

The heat transfer coefflcient of the upper
and lower surfaces of the air gap can be
computed by using a simple Newton's law of
cooling. Results are shown in Table 3. The
findings reveal that the average convective heat
transfer coefflcients of the upper and lower
surfaces of the air gap were in the range of l.9tl-
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3.69 W /m' . K for the RSC and 2.39-

9.22W l1m'� .Xl for the BCR. From the results,

we can conclude that the BCR has good
performance because it has higher thermal and
convective heat transfer coefficients as compared
to the RSC, indicating that heat accumulation in
the roof gap is reduced.

The average predicted outlet air velocity of
the RSC and the BCR in winter (December 1999)
and summer (March 2000) are presented in Table
4 and Table 5, respectively. The effect of
boundary conditions at the inlet of the RSC for
summer and winter are shown in Fig. -5 and Fig.6.,
while Fig. 11 and Fig. 12 show the eifect of inlet
air. considered to be normal speed of the BCR in
summer and winter, respectively.

Table 3. The average convective heat transfet

coefficients ( lz, ) of the upper and lower surfaces

of the air Cap tW lQn'� . K) 1.

Roof
Design

Summer Winter

Upper Lower Upper Lower

RSC -1.0-l 3.69 1 .98 2.16

BCR 3.97 9.22 2.39 4.50

i r  ve loc i ty  Lm /  . t  I  o f  RSL nd winter

Table 5. Average predicted and measured outlet
air velocity I m I s I of BCR in summer and
wlnter.

4. Conclusion
Temperature and velocity profiles in the air

gap of both RSC and BCR were investigated by
means of a computational fluid dynamics (CFD)
technique. Results have been presented in this
paper. Heat transfer coefficients and outlet air
velocities were the output of the simulation. The
simulation was validated against the
experimental results and the difference was
insignificant. However, fiom the experimental
and numerical studies of the RSC and the BCR.

wlnter
Mid-Plane

Temperature
RSC BCR

M S M S
T I 2-5.00 25.00 26.50 25.72
T2 25.00 25.32 28.00 21.31
T3 25.00 25.32 30.00 28.16
T4 25.00 25.16 28.00 21.31
T5 25.00 25.76 27.50 21.31

Table 4. Average predicted and measured outlet
al m summer

Design Measured Predicted VcError

Summer 0.45 0.47 -4.26

Winter 0.31 0.33 -6.15

Mid-Plane
Temperature

RSC BCR
M S M S

T I 36.00 33.89 35.20 32.00
T2 37.00 36.14 37.80 33.47
T3 37.50 36.14 40.00 39.31
T1 -r6.80 35.19 38.00 36.42
T5 36.00 35.19 31.70 34.99

Design Measured Predicted TcEnor

Summer 0.69 0.80 13.75
Winter 0 .41 0.46 t 2 . t 9
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it can be suggested that the building envelopes
should be designed to provide maximum
ventilation by the combination of solar chimney
(stack effect) and wind induced natural
ventilation. Not only that, the performance of
the BCR could be enhanced by increasing the
transparent tiles fbr increasing both daylight and
maximizing natural venti lation.
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Fig. 5. Mid-plane velocity contour in the air gap of the RSC in summer (March 2000),

Vs=0.396 ml  s  and gr id s ize of  0.02m.

Fig. 6. Mid-plane velocity contour in the air gap of the RSC in winter (December 1999),

Vw=O.285 nt I s and grid size of 0.02m .
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Fig. 7 Velocity vector in the air gap of the RSC in summer (March 2000),

Vs=0.396 ml s and grid size of 0.02m.
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Fig. 8. Velocity vector in the air gap of the RSC in winter (December 1999),
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Fig. 9. Mid-plane temperature contour in the air gap of the BCR

%s =50"c, Tror=60'C,'rfr=ou"', Trrr=32'C, Z.ss =36"C
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in summer (March 2000),
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