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Abstract

The objectives of this paper are to study the free convection in the air gap of a 45-degree inclined roof
solar chimney and to experimentally determine the correlation of Nusselt number (Nu). The experiment was
carried out in an open-ended air gap between the corrugated roof tile and the gypsum board attached
to a detached building with the inner width and length of 18 and 160 cm. located outdoor under the hot
and humid climate. The surface temperatures of the corrugated roof tile are between 35-45°C during
the daytime of May and June, exposed to the solar intensity of 200-1,000 W/m”. The data reduction using
linear regression analysis yields linear relationships of mean bulk temperature, temperature difference of air
at inflow and outflow, heat transfer rate and mass flow rate of the solar chimney against the temperature
difference of hot roof surface and the mean bulk temperature (T,-T,). Employing the derived linear
relationships, the correlation between the Nusselt number, Nu, Rayleigh number, Ra_, and the aspect
ratio (air gap/length) are derived for 3C<T~T, < 9°C as Nu_ = 1.444- [(S/L) Ra_sin 45']***. It is the correlation
that could be used for determination of mean convection heat transfer coefficient of the roof solar chimney with
similar geometry applied in the hot and humid climate, provided that it is in the same range of Ra value and the

same range of Ra (S/L) value.
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Nomenclatures

A Area of the hot surface (m?)

Area of the opening of the solar

channel

chimney (m?%)

C, Coefficient of discharge

c, Specific heat (J/kg)

g Gravitational acceleration (m/s?)
h Mean heat transfer coefficient (W/m’K)
k Thermal conductivity (W/mK)

L Length of solar chimney (m)

m Mass flow rate (kg/s)

Nu, Nusselt number = hk—S

Pr Prandtl number

Q Heat transfer rate (W/m®)

Ra_ Rayleigh number

Re, Reynolds’ number = %

S The space between the roof tile and
the gypsum board (m)

Mean bulk temperature ('C)
Temperature of the hot surface =

(Troof, outlet )/2 (OC)
T Temperature of air at the inflow to the

Troof, inlet:

solar chimney ('C)
T Temperature of air at the outflow of the

solar chimney ('C)

Greek symbols

ﬂ Coefficient of thermal expansion (K™)
p Density (kg/m®)

0 Tilt angle of the solar chimney

1% Kinematic viscosity of the fluid (m?/s)

1. Introduction

The inclined solar chimney is a distinguish
device applied for passive ventilation in the hot
and humid climate (Chenvidyakarn, 2007). According
to the passive cooling application by using a solar
chimney system, determination of heat transfer
coefficient (h) between the hot plate and the hot air
in the channel and Nusselt number (Nu) are
important in the investigation of free convection,
mathematical simulation and application of the
system. The determination of the correlation
between Nusselt number (Nu) and Rayleigh number
(Ra) in the vertical plates and inclined channels
involving of heated plates has been carried out in
many research works. The scaling analysis (Ostrach,
1953) of the fluid with Prandtl number (Pr), Pr<<t
showed that Nu is scaled by (Ra Pr)°?. Azevedo
and Sparrow (1985) found the correlation for the
symmetric isothermal plates and isothermal-
insulated plates by carrying out experiments on the
inclined channels in the water. Their experiments

of inclined channel showed the correlation of

Nu_ = 0.645 [Ra (S/L)cos6]** (Azevedo & Sparrow,
1985). Hirunlabh et al. (2001) showed that Nu and
air flow rate in the application of the inclined solar
chimney can be computed by using the correlation
derived in Gebhart (1971). The analysis of the data
on the experiment in the laboratory (Khedari et al.,
2002) showed that the inclined parallel plate
channel with temperature varying from 40-70°C
yielded the correlation of Nu_= 1.227 [(S/L) Ra_ sin
307 %®". The derived heat transfer coefficients are
between 6.76 and 10.26 W/m’K (Khedari et al.,
2002).

However, the free convection in the open-
ended channel such as the application of solar
chimney in the outdoor field has been rarely
investigated. Frequently, the correlations derived
from the laboratory research are used as the
estimation of heat transfer coefficient. The objective
of this paper is to determine the correlation of Nu_
for the inclined solar chimney in the outdoor field,
where the temperature differences and Ra_ values
are different from the previous studies. By conducting

the experiments on one of the four channels of solar

The Field Investigation of Dimensionless Convection Heat Transfer Coefficient in the Inclined Roof Solar Chimney

Sudaporn Chungloo

5



chimney attached to a testing building located
outdoor, the new correlation between the Nu_ and
the Ra_is proposed. Also, this study shows the effect
of variation of solar intensity and the effect of heat
loss from the inclined channel on the range of Ra
values. Taking into account those ambient condi-
tions and the result of particular range of Ra_ value,
the correlation between the Nu_and Ra_ are revised.
The comparison of derived heat transfer coefficients
with the coefficients derived from Azevedo and
Sparrow (1985), Gebart (1971), and Khedari et al.

(2002) are also discussed.

2. Experimental Set-up and Methodology

The experiments were carried out in one
of the four channels of the solar chimney installed
above the room of a testing building. The corrugated
roof tiles are fixed over the 45-degree inclined
wooden structure of the roof, facing the south
direction exposing the external surface to outdoor
environment and heated up by the sun during
daytime. The gypsum board covers the lower part
of inclined wooden structure and external surface
faces the air in the attic above the ceiling (Figure 1).
The total width and length and average channel
space of the solar chimney are 960 mm, 1660 mm,
and 185 mm, respectively, aspect ratio (S/L) of
0.115. The positions of temperature and velocity
measurement are shown in Figure 2. There are 16
type-k thermocouples used to measure temperature,
8 for measuring air temperature of the channel, 4
for measuring surface temperature of roof tiles and
gypsum boards, 3 for measuring air in the room,
and 1 for measuring temperature of the outdoor air.
Two hot-bulb probes are placed to measure air
velocity at the inlet and at the outlet of the channel
which are opened to the room air and outdoor,
respectively. In addition, the outdoor conditions such
as solar intensity and wind velocity are recorded

by a pyranometer Kipp & Zonen-CM11 and Yong

air out = T
. s Lront, outlet
Tg:.'nsl.n. outlel u ¥ulr14
alr13
)= 45° —— Tz

Tru\:-l. inle

ceiling —

@ air temperature measurement
® surface temperature measurement
W air velocity measurement

Figure 1. Schematic representation of the inclined

roof solar chimney.

All dimensions are in mm.
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Figure 2. Positions of measuring temperature and velocity

of air.
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wind monitor, respectively. To record the data simul-
taneously for every 2 minutes during the day, all
thermocouples and devices are connected to the
Yokogawa-DR130 data logger. The experiments are

carried out on 5 selected days in May and June.

3. Experimental Results

3.1 Alteration of Temperature of Internal
Surface of Roof Tile (T,) and Temperature
of Inflow (T,) and Outflow (T ) of the Solar
Chimney with Solar Intensity

According to the values of solar intensity

(W/m®) of 5 days in May and June, the experimental

results of temperatures of the internal surface of

roof tile (T, ), temperature at the outflow (T, ) and at
the inflow of the solar chimney (T,) are shown in

Figure 3. The values of T, and T, increase from 29

and 31°C in the morning to 38 and 32°C in the

afternoon, according to the values of solar intensity
of 100 and1000 W/m?, respectively. After the peak

value of solar intensity of 1000 W/m? during 12.30-

14.00, the solar intensity decrease steadily as well

as the temperatures of internal surface of roof tile,

T,. However, the increasing of T, and T, to 36°C

and the decreasing of temperature difference

(T,~T.) imply that there is less air flow rate passing

through the solar chimney in the afternoon than

in the morning. This is the effect of high ambient
and room temperatures in the afternoon in the hot
and humid climate (Chungloo & Limmeechokchai,

2007).

3.2 The Effect of the Clouds on Temperature
Differences and Utilization of the Solar
Chimney

The effect of the clouds obstructing the sun
radiation on the surface and air temperatures
of the solar chimney is also shown in Figure 3 by
the scattering of temperatures, T,, 7, and T,, in the

range of solar radiation between 200-400 W/m?.

‘where

However, the temperature differences of

(T,~T,) and (T ~T.) show linear relationship with

the values of solar intensity greater than 450 W/m®
(Figure 4). According to data collected during the
clear and sunny sky in Figure 4, the solar induced
ventilation starts when the temperature differences
(T-T,) are greater than 0°C at the global solar
intensity of 500 W/m’ and (T,~T,) & 2.0. The
maximum values of (T,—T,) and (T ~T,) are 8 and
5°C, respectively for the solar intensity of 950 W/m®.
In the early morning and evening with solar intensity
less than 200 W/m?, the values of T.-T, are less
than 2°C and air is induced into the room through

the channel due to 7 <7, Itis shown that the solar

‘chimney can be used for enhancing cool air induced

into the room during the early morning and evening
and expelling the hot air from the room to ambient
during daytime. In addition, the determination of
correlation in this study covers the values of
temperature difference, T,-T, from O to 9’C when

the global solar intensity is greater than 450 W/m®,
4. The Data Analysis and Comparison with
Previous Correlations

4.1 Mathematical Models
The Nu, is evaluated by

Nu, =——
k

Q

where A=

. S 2)
4-(1,-1,)

As the heat loss from the roof tiles and
gypsum board and radiative exchange are neglected
and Q is the heat transfer rate of the roof tile

computed from

O=ric,(T,-1) @)

m=p-A

channel
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temperature difference ("C)

25 4 in the morning T
+ T,
early morning or cloudy sky sunny and nearly clear sky
—— - - -
late evening
20 T r r ' T T T T T T
0 100 200 300 400 500 600 700 800 900 1000 1100

solar intensity (W/m?)

Figure 3. Experimental results of surface temperature (T, ), inflow (T ) and outflow (T,) air temperature of the solar chimney

plotted against solar intensity (W/m?).

temperature difference ("C)

-_iearly morning or‘. cloudy sky sunny and nearly clear sky
late evening

0 100 200 300 400 500 600 700 800 900 1000 1100

solar intensity (W/m’)

Figure 4.  Experimental results of temperature differences, T,~T, and T T, , vs. solar intensity.
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The Nu, results will be correlated by the
dimensionless group Ra_, theoretically evaluated
by

Ra = [gB(T,—T,) S/v’] -Pr )

All thermophysical properties of air are
evaluated at the bulk temperature of air, T,. By using
the Trapezoidal rule reported in Khedari et al. (2002),

T, in this study can be estimated from

Tbl - (Tairll +3 Tair12+3 Tair13+Tair14 )/8’ (53)
TbZ - (TairZI +3 Tair22 +3 Tair23 + Tair24 )/8 (5b)
and

T,=(T,+T,,)72 )

Temperature of air at the inlet T, is
computed from average values of temperature of
room air near the ceiling. Temperature of air at the
outlet T_and temperature of internal surface of roof
tile, T, are from experimental results. The mass flow

rate of air in the solar chimney can be estimated by

7—T
V:CD'ﬂ'\/g'L~szh4j°~(”T') (7)

where the value of C_ in this study is 0.4 (Chungloo
& Limmeechokchai, 2007).

4.2 Data Reduction

The purpose of data reduction is to carrying
out the linear relationships between (T,-T,) and
other variables such as heat transfer rate per area
(Q/A), mean bulk temperature (T, ), temperature
difference at the inflow and outflow, (T -T,) and
mass flow rate of air (m ) before determination of
values of Nu_and Ra._.

For the increase of values of T,—T, of O to
9°C, the increase of mean bulk temperature (T,)
during the low inflow temperature (T,) is faster than
during high inflow temperature, producing two

different linear relationships. However, the two

difference linear relationships between T -T, and
T, are averaged as shown in Figure 5a. The linear
relationships between T -T, and T-T, Q/A and

m are shown in Figure 5b and 5c, respectively.

6 -
51 o og:‘ uogo 4
4 i TR

g

= 2

I: 14

b~
0%
-1 : (T,—T,)=0623(T —T )—0890
-2 4 . . T T

0 2 4 6 8 10
T,=T,(C)
(a)
250

-50 oo QA =1515(T,=T,)=14.05
-100 + y i '
0 2 4 .8 8 10
Tn'l B Tb { C’]
(b)
0.12
0.10 F oo
0.08 1
;: 0.06 1
E 0.04
0.02 m=0.0114 (T,— T, ) + 0.0055
0.00 T ' i
0 2 4 6 8 10
T.'. - Tb (C)
(c)
Figure 5. Linear relationships between T,-T, and T-T,,
Q/A and m.
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The calculated values of T-T, Q/A and by using
the derived linear equations and the calculated
values of velocity (V) and convective coefficient, (h)
by using Equation 2 and Equation 7 are summarized
in Table 1. The related dimensionless groups Nu,
Re and Ra_ are also computed and shown in Table 1.

The Nusselt number, Nu, is the non-
dimensional expression of heat transfer coefficient,
h . The correlations between Nusselt number and
Rayleigh number, angle of channel and aspect ratio

(S/L) are typically in the form
Nu,=a-[(S/L)-Ra_-sing]" (8)

Based on the value of Ra_and Nu_in Table 1,
the constants a and b are obtained by means of
least square analysis to the logarithms of Equation
9 as followed:

_hS

Ny =—
u ==

Nu, = 1.444 - [(S/L) - Ra - sind5°] " ()

For Equation 9, the range of Ras and Th—Tb
are 1.543 x 10'< Ra, < 4.193 x 10" and 3.00C <
T-T, < 9.00°C. The computational results of
Equation 9 are graphically shown as solid lines in

Figure 6.

65 q

a0
E
£ 551
=
=
T
& s0
=
=

45 NU_= 1,444 (3L} Ra, sin 457

40 ' . . . '

1.0E+06 1.5E+06 2.0E+06 25E+06 3.0E+06 3.6E+06 4.0E+06

{S/L) Ra sin 45’
Figure 6.  Nusselt number vs. (S/L) - Ra_ - sin 45,

4.3 Comparison with Previous Correlations

The comparison of Ra_ values in Table 2
shows that the range of Ra_ value in this study is
higher than that found in the other studies. Since
the Ra_ value is the function of T T, this means
the higher temperature differences occurs in this
study than that occurs in the previous studies. The
comparison of Nu_(this study) with Nu_ (Azevedo &
Sparrow, 1985) and Nu_(Gebhart, 1971) at the same
value of channel aspect ratio (S/L) and tilt angle (0)
shows that the present study provides higher value
of Nu..

For the same value of (S/L) but different
tilt angle, the value of Nu_ (this study) is higher
than the value of Nu_ (Khedari et al., 2002). Since
the similar exponential functions are used, it is
concluded that increasing the tilt angle by 15 degree
changes the correlation, increases the Ra_ values,
increases the Nu_ values and hence increases
the value of heat transfer coefficient (h).

It is also shown in the Table 2 the significant
impact of Ra_ value on the Nu_ value in each
correlation. Since each of the correlations exists
in the specific range of temperature difference
(T,~T,), there is no direct comparison among
these correlations. The proposed correlation here,
therefore, increases the value of heat transfer
coefficient (h) of the free convection heat transfer

in the extended range of Ra value.

5. Conclusions

Under the condition of hot and humid
climate, the free convection was studied in a hot air
channel of the 45-degree inclined roof solar chimney.
The investigation includes collecting data of surface
and air temperatures in the channel, analyzing and
reducing experimental data and determining the
correlation between non-dimensional groups, i.e.

Nu_, Ra_, the aspect ratio (gap/length) and the angle
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Table 1. Summary of the experimental and calculated data.

Quantity Unit S/L=0.1145

Variables correlated

with (T,=T,)

=T °c 0.00 1.00 2.00 3.00 4.00 5.00 B.0H1 T.00 8.00 9.040
°C 32,70 33,10 33.50 33.90 34.30 34.70 3510 35,50 35.90 36.40
T=T o°c -0.89 0.27 Q.36 0.98 1.60 2,23 2.85 3.47 4,08 4,72
Heat transfer rate wim® -14.05 1.10 16.25 31.40 A6.65 B61.70 T6.B5 82.00 107.15 22.30
Mass flow rate kg's D008 o0y 0.0za 0,040 0.05 0063 0.0 0,085 0087 0108
Calewlated

variables

Average velacity m's 0.030 0.082 0.154 0.215 0.277 0.339 0.401 0463 0.525 0.587
Conveclive coalliciant Wim'K 0.68 5.05 6.50 r.23 7.66 7.85 816 B.32 B.44
Dimensionless

parameters

Ny 4.88 36.10 4648 51.60 54.68 5667 58.09 5813 58.83
R £.3310° 1.05 =10 1.54 x10 2.02 x10 249 x10 29310 3.37x 39910 419 <10
{S/L) Ra, sin 45 431 %10°  BATx10" 1.25x10°  164x10° 20110 238x10° 273k 3.07 x10° 338 x10°

Table 2. The calculated Nusselt number for the same value of channel aspect ratio (S/L = 0.1145).
Nusselt Number

Nu (this study) 47.58 61.05
Nu (Khedari et al., 2002) 36.64 54.90

Nu (Gebhart, 1971) 2.38 8.12

Nu (Azevedo & Sparrow, 1985) 5.38 10.88

Rayleigh number 6.0E+04 1.5E+05 1.0E+06 7.8E+06 2.0E+06 8.0E+06  1.5E+07  4.2E+07

Note:

Nu (Azevedo & Sparrow, 1985)

Nu (Gebhart, 1971) =

Nu (Khedari et al.,, 2002) =

= 0.645[Ra (S/L) cos 45 0%

£
Y x f’f' Z .
gt ga | = [0 —i1 bsinas

o 2206
1327+ [ —]— Ravsinin”

L.
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of inclination (0 ). Exploration of the experimental
results of surface and air temperature shows two
linear relationships with the solar intensity in a day,
one relationship for low air temperature and another
for high air temperature. Though the solar intensity
is the heat source for the solar chimney, a simple
data analysis of T,, T-T,, QA and m was carried
out as linear function against T,-T,. In addition,
the effect of cloud obstructing the solar radiation on
the temperatures of air and hot surface are excluded
by taking the correlation of non-dimensional group
for 3.0C = T,-T, =< 9.0°C or the solar intensity
of greater than 450 W/m?”. It was found that the values
of convective heat transfer coefficient are in the
range of 6.50-8.44 W/m’K.

Determination of convective heat transfer
coefficient is important in the simulation and

investigation of performance of a solar chimney. With

References

similar geometry of a solar chimney located in the
practical field, this study proposes the correlations
for determination of convective heat transfer
coefficient and amount of mass flow rate developed
in the solar chimney, the correlation between Nu_
and Ra_ and correlation between Re_ and Ra,
respectively. The derived correlation between Nu_

and Ra_is

Nu_=1.444 - [(S/L) - Ra - sin45°] **”

The power of 0.249 is close to the tradi-
tional value of 0.25 power found by Ostrach (1953).
Comparing to previous studies in Azevedo and
Sparrow (1985), Hirunlabh et al. (2001), Gebhart
(1971), and Khedari et al. (2002), the proposed cor-
relation is capable to calculate the Nu_ and the heat

transfer coefficient in the high range of Ra_ values.

Azevedo, L. F. A., & Sparrow, E. M. (1985). Natural convection in open-ended inclined channels. Journal of
Heat Transfer, 107, 893-901.

Chenvidyakarn, T. (2007). Passive design for thermal comfort in hot and humid climate. Journal of Architectural/
Planning Research and Studies, 5(1), 5-27.

Chungloo, S., & Limmeechokchai, B. (2007). Application of passive cooling systems in the hot and humid
climate: The case study of solar chimney and wetted roof in Thailand. Building and Environment, 42,
3341-3351.

Gebhart, B. (1971). Heat transfer (2nd ed.). New York: McGraw-Hill.

Hirunlabh, J., Wachirapuwadon, S., Pratinthong, N., & Khedari, J. (2001). New configurations of a roof solar
collector maximizing natural ventilation. Building and Environment, 36, 383-391.

Khedari, J., Yimsamerijit, P., & Hirunlabh, J. (2002). Experimental investigation of free convection in roof solar
collector. Building and Environment, 37, 455-459.

Ostrach, S. (1953). An analysis of laminar free convection flow and heat transfer about a flat plate parallel to the

direction of the generating body force. NASA Technical Report, 1111.

Volume 6. Issue 1. 2009
Faculty of Architecture and Planning, Thammasat University

Journal of Architectural/Planning Research and Studies





