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Abstract

The solar roof collector is modeled as a two dimensional air gap with one heated wall. The
Boussinesq approximation is used to model the density variation. Four different air gap heights
were simulated, namely 0.07m, 0.014m, 0,21m and 0.28m for a 2m long solar roof collector. The
tilt angle of the solar collector was also varied between 15[ and 55 from horizontal. Predictions
of velocities and mass flow rates in the air-gap are presented together with streamlines showing
air flow patterns. The simulations show that a 0.14m air gap height at higher inclination angles
is optimal for ventilation.

Introduction

The hot and humid tropical weather in South India coupled with the high population density in
urban areas creates an unpleasant environment in houses. Mechanical ventilation and air
conditioning have traditionally been used to improve the living environment. The rising cost of
energy together with the environmental impact makes these options less attractive especially for
lower income families. The solar roof collector studied in this paper is a cheap and simple way
of providing natural ventilation for low cost homes. The design concept is presented in Figure 1.
The top plate, which is usually made of steel sheets, is heated by solar radiation. Heat is
transferred to the air in the gap via conduction and convection. The hot air in the air gap rises and
this draws air from inside the house. Fresh air from outside the dwelling will then replace the air
drawn out by the collector.
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Figure 1: The conceptual operation of a solar roof
collector.
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The principal of operation of this device is similar to the Trombe wall. A Trombe wall usually
uses a side wall of the structure. Glazing is sometimes used on the outer wall to allow solar
radiation to directly heat the air in the cavity and the Trombe (inner) wall. Hocevar and Caperson
[1] have measured the velocity profiles and mass flow rates in this configuration for various air
gap sizes. Akbarzadeh et. al. [2] has done flow visualization for various gap sizes. Hirunlabh et.
al [3] studied the ventilation produced when a metallic surface for the exterior wall was used.
Mathur et. al.[4] showed the importance of the chimney height in increasing ventilation rates.
Simple theoretical models for Trombe walls are presented in Ong and Chow[5]. It is more
practical to incorporate the solar roof collector into a low cost single story structure compared to
a Trombe wall. This configuration is expected to collect more solar radiation in low structures
without changing the overall architecture of the dwelling. The performance of a concrete tiled
solar roof collector has been studied by Khedari et. al. [6]. Mathur et. al [7] studied the effect of
inclination angle of solar roof collectors. The simulations presented here complement the
experimental study presented in Ong et al. [8] and Ong et. al [9]. The parameters chosen for this
study are shown in Figure 2 and are estimated based on their experimental setup.

Radiation,
T, =286.83° e=1.0,
_ K, T=310
Conwvection,
h=7.6 W/m?-
s00W/mM® | K Tx:31ﬂ°K
from E
Solar

Insulated,
q=0

0.14 . .
Properties of Air

" 2
a‘ m at latm. and
T=310°K,

A Inlet el p=1.1261kg/m’,

Conditions, T=310 Cp=1007.4)/kg-
=D_. QHI
gauge
T=310°K |-C=D.D2?04W,"m—

o

Figure 2: Parameters used in the numerical
Simulations

The operating conditions shows in Figure 2 are chosen to match experimental conditions in
South India at midday when solar radiation is at its highest. The properties of air are fixed at 1
atmosphere and 3100/K (37[1C). Ambient air temperatures usually reach this level during
midday. The inlet conditions are therefore set to 1 atmosphere and 310[1K. The pressure at the
outlet is also set to 1 atmosphere and for cases where there is backflow at the outlet; the
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incoming air is also set to be at 310 /K. Solar radiation on a horizontal surface reached 800
W/m® during the experimental study [8.9]. The simulations used a reduced level of 600W/m’ to
roughly approximate the reduction in solar radiation due to the inclination of the exposed
surface. The convection coefficient on the outside of the heated surface is calculated using the
correlation for outdoor wind [10] which is, h(W/m’K) = 5.7+3.8U(m/s), and the wind velocity is
estimated to be U=0.5m/s. The heated surface radiates heat back to the sky and the sky
temperature is estimated using the correlation Tsky=0.0572 T ambient 1.5 [11]. When the
ambient temperature is T ambient=31001K, the sky temperature is estimated to be
Tsky=286.831/K. Both the top plate and the bottom plate are made of corrugated steel sheets.
The emissivity on both sides of the top plate and the top side of the bottom plate is assumed to be
11=0.95. The bottom side of the bottom plate is assumed to be perfectly insulated. Radiation
between the air gap and the outside environment can occur at the entrance and exit of the air gap.
To account for this, the emissivity and radiating temperature of the outside environment on both
the inlet and outlet end of the air gap are set at 1.0 and 31001K respectively.

Numerical Method

Simulations were performed using the commercial software Fluent. The flow is assumed to be
two dimensional, steady and laminar. These assumptions are based on the low air speeds in the
air gap and the living space shields the inlet stream from atmospheric disturbances. The
Boussinesq approximation is used to estimate the effect of density variation with temperature.
This is valid for this study because the temperature variation is typically less than 2007K. The
“surface to surface” radiation model is used to account for heat transfer between the top and
bottom plate and between the plates and the inlet and outlet openings. The momentum,
continuity and energy equation are solved using the coupled solver. Initially the first order
upwind scheme was used to get an approximate solution. This solution is then used as the initial
conditions for the second order upwind solver. Several monitoring points near critical locations
notably near the top plate and outlet area were used to check for the convergence of the solution.
The courant number was lowered as the solution converged in order to avoid oscillatory
solutions.

Results

Comparison with Experimental Findings

Experiments were conducted using an air gap of 0.14m and with an inclination angle of 25°
[8,9]. The temperature profile at 1.7m from the inlet was measured at 5 different stations across
the air gap. A plot of the temperature profile measured during the middle of the day when solar
radiation is at its peak is plotted in Figure 5. The corresponding simulated temperature profile is
also plotted for comparison. These results show that the thermal boundary layer is less than 0.4m
from the top plate. Outside this region, the temperature is approximately constant and equal to
the ambient temperature. Although there is only a small difference between the experimental and
simulated data, there is limited data near the top plate. Plans are currently underway to improve
the experimental setup so that more data can be collected for comparisons.
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Experimental values vs Simulated values
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Figure 5: A comparison between the temperature
profile across the air gap.

Effects of Inclination Angle and Gap Width

Figure 6 shows the mass flow rate per unit width predicted for a range of gap heights between
0.07m to 0.28m at inclination angles of 15°, 25°, 35° and 55°. All cases show an increase in
mass flow rate when the gap height is increased from 0.07m to 0.14m. Khedari et. al. [6] also
showed experimentally that increasing the air gap from 0.08m to 0.14m resulted in an increase in
ventilation. The mass flow rate decreases in all cases except for the case with a 55° inclination
angle when the gat height is further increased. The next section will show that this is caused by
the hot jet stream near the top plate drawing air in from the outlet. The backflow at the outlet of
the air gap reduces the total mass transfer of air through the air gap. These results show that a
high inclination angle improves ventilation. This can be explained by buoyancy effects being
stronger when the gap is closer to vertical. In these simulations, the amount of radiated heat to
the top plate was fixed at 600W/m”. In reality, higher inclination angles would result in less solar
radiation on the top plate. It is therefore expected that the mass flow rate may be less than those
predicted here at higher inclination angles. Mathur et. al [7] showed that high inclination angles
between 40°-60° depending on latitude were optimal for ventilation purposes. These high
inclination angles are not favorable for this particular application because of architectural and
economic reasons.
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Figure 6: The mass flow rate through the air gap as
a function of air gap height at various inclination
angles,
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Flow Visualization

The streamline plot for the case with a 0.14m air gap and a 25° inclination angle is shown in
Figure 7. The plot shows that the flow from the inlet on the left converges towards the top wall.
The top wall is heated by solar radiation. This heat is transmitted to the air close to the top wall.
Buoyancy forces drive the heated air toward the outlet at the right side which is at a higher
elevation. This volume is then filled by the incoming stream at the inlet. This process results in a
jet of hot air close to the top wall leaving the air gap.
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Figure 7: Streamline plot of the flow in the air gap

with a height of 0.14m and an inclination angle of
25°,

The streamline plot shows that the hot jet occupies only a fraction of the air gap. This jet of air
accelerates as it approaches the outlet and velocities within this jet can reach around 0.4m/s.
When the jet is closer to the outlet, the preference switches from drawing inlet air to drawing air
from the outlet opening of the air gap. This process hinders the ventilation capability of this
device. Results from the earlier subsection has shown that mass flow rates actually drops when
air gap height in increased. The decrease in mass flow rate is a result of increasing backflow at
the outlet opening of the air gap. The computational domain extends some distance away from
the exit of air gap as seen in Figure 2. This precaution was taken to reduce the artificial effects of
the outflow boundary on the flow pattern in the air gap. This backflow in the air gap will have

to be further investigated before ruling out the possibility that it is a manifestation of the
boundary condition. Experimental results have consistently showed that the temperature of the
top plate along the length of the air gap actually decreases closer to the exit of the air gap [9].
Although the simulations have not reproduces this phenomenon, backflow from the outlet may
contribute to this cooling effect. Research is currently ongoing with the aim of collecting more
details on the flow within the air gap.

Conclusion

The natural convection driven flow is simulated for a typical solar roof collector operating at
peak midday conditions in Malaysia. Results show that the amount of ventilation can be
increased with increasing inclination angles. Except for the highest inclination angle, the
simulations have shown that air gap heights past 0.14m actually reduce the mass flow rate. This
is caused by the hot jet close to the top wall in the air gap drawing air from the outlet. The
reverse flow near the outlet reduces the mass flow rate through the air gap.
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