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Abstract. Ventilation is a process that guarantees the control of contaminants, an improved thermal comfort, and an
adequate air supply for people, generally, using mechanical blowers or exhaust fans powered by electrical energy. A
solar chimney is a device that consists of a closed conduit with a solar energy absorber on, at least, one of its faces. This
absorptive material is responsible for heating the air inside the conduit generating an airflow due to natural convection.
The present study investigates a solar chimney as an alternative element for indoor ventilation for Rio de Janeiro and
Seropédica Cities. The study was performed from data collected at 5 weather stations located within these cities, with
hourly measurements between July/18 and July/19. A thermodynamic analysis was carried out to estimate the airflow
generated by the chimney for nine different inclined positions, which were tested with real climate data from these cities.
In general, inclinations between 60° and 70° were the ones that provided the highest flow to the solar chimney regardless
of the time or month analyzed.
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1. INTRODUCTION

An important step in building projects deals with the internal circulation of air, which must be maintained with a
certain quality inside all rooms to ensure the control of pollutants as well as reducing the thermal load required for the air
conditioning system as Clezar and Nogueira (1999) argues. According to Freixanet ef al. (2004), the use of natural wind
currents in the urban environment is not always possible, since the presence of buildings tends to increase the thickness
of the atmospheric boundary layer and, consequently, reducing the wind speed throughout this region.

Thus, a solution to generate a natural airflow inside buildings is the use of solar chimneys. Ong (2003) defines the
solar chimney as a channel where one or more faces are built with a transparent material to stimulate the greenhouse
effect, while at least one of the faces must be built with high absorptive material. This material will heat the air close to
the face, generating an airflow due to the natural convection that will exist inside the chimney. In addition, the chimney
outlet must be directed out of the ventilated room to promote air renewal.
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Figure 1: Schematic of a solar chimney

Despite the vast current literature on solar chimneys, there is no consensus about the optimal geometry, position, or
tilt angle. With regard to the tilt angle, it is known that the airflow is as higher as the inclination. On the other hand, a high
tilt angle decreases the solar energy received on the solar plate. The chimney location as well as the period of the year
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in which the measurement is being made can also impact the solar radiation that reaches the chimney wall, also changing
the generated airflow. Due to some researchers focused on finding the optimum tilt angle, Chen et al. (2003) suggests that
the airflow is increased by almost 45% if the chimney is tilted to 45° in comparison with a vertical chimney. The study
of Sakonidou et al. (2008) found a range between 65° and 76° to be the optimum inclination at Serres, Greece, located
at latitude 41° N. With the same purpose, it was calculated by Bassiouny and Korah (2009) a range between 45° and 75°
for latitude 28, 4°. Mathur et al. (2006b) carried out a study on Jaipur city, India, at latitude 26, 9° N and found a 45° to
be the optimum inclination. With this tilt angle, they calculated an airflow 10% higher in comparison with a tilt angle of
30° or 60°. The same value for the inclination was found by Jianliu and Weihua (2013) at Nanjing, China, latitude 32°.

Mathur et al. (2006a) showed that increasing the gap between the absorber and the glass increased the solar chimney’s
airflow. More recently, Hung et al. (2017) found a 5:1 ratio for the length in relation to the gap of the system. About the
solar chimney’s height, the higher the solar chimney the higher the airflow, due to the buoyancy effect and the constant
heating. The present study focused on performing a thermodynamic analysis from real climatic data to assess the best
solar chimneys inclination. Hence, it was collected hourly data from five weather station located at Rio de Janeiro and
Seropédica city.

2. METHODOLOGY

At first, it was collected data from INMET (2019) for Rio de Janeiro and Seropédica cities. These data contain hourly
measurements from July/18 to July/19 for the five weather stations located in these cities. The stations’ positions, the
number of collected measurements, and the radiations averages at midday are shown in Tab. 1. The first four weather
stations listed in Tab. 1 are located within the city of Rio de Janeiro.

Table 1: Stations coordinates and average radiation at midday

Weather Latitude  Longitude Collected Avg radiation

Station data at midday
Copacabana  —22.98 —43.19 8741 692.06
Jacarepagua —22.93 —43.40 8747 633.99
Vila Militar  —22.86 —43.41 8743 626.99
Marambaia  —23.05 —43.59 8722 658.12
Seropédica  —22.75 —43.68 8703 647.17

To evaluate the best inclination of the solar chimney, each measurement was simulated under 9 different inclinations,
according to the method described in section 2.1 Afterward, the solar chimney energy balance is quantified and for each
measurement, the functioning of the solar chimney was simulated and the temperature and flow values were taken by
repeated iterations until the convergence of the results.

2.1 Irradiation on inclined surfaces

To perform the total radiation estimate on an inclined surface, the Liu e Jordan Apud Duffie and Beckman (2013)
model will be considered, which is given by:

1 1
Iy = L,Ry + ifd(cosﬁ +1)+ ifpg(l —cos f3) (1)

where Iy, I; and I, are respectively the beam radiation, the diffuse radiation and the global radiation. 3 is the tilt angle, p,
is the albedo coefficient and R, represents a geometric factor defined as the ratio between beam radiation on the inclined
plane and radiation on the horizontal plane. The beam and diffuse radiation can be taken from Erbs et al. (1982), shown on
Eq. (2), where K, is the clearness index, which means the relationship between the global and extraterrestrial radiation.
The present study assumes p, = 0.2 and azimuth equals to 180°.

7 1 —0.09K, se K; <0.22
Td =9 0.9511 — 0.1604K; + 4.388K? — 16.638K} + 12.336 K}, se 0.22<K; <0.80 2)
0.165, se K; >0.8

To estimate the extraterrestrial radiation, shown in Eq. (3a), the Muneer (2007) method was used, where n represents
the day’s number and « the solar elevation, shown in Eq. (3b).

I, =1367(1 4 0.033 cos 0.0172024n) sin « (3a)
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a = arcsin (— cos ¢ cos § cosw — 180 + sin ¢ sin §) (3b)
The Ry factor can be calculated as a function of solar declination 9, latitude ¢, hour angle w.
cos(¢ + ) cos d cosw + sin(¢p 4 5) sin §

Ry, = 4
b €OS ¢ cos 0 cos w + sin ¢ sin § @)

The estimated solar energy for inclined surfaces must be multiplied by absorbance and transmittance materials’ factors
in order to calculate the total energy that will be retained by the glass and absorber plate. Therefore, solar radiation
absorbed by the glass and by the absorbing plate is .S; and S5, respectively, as described in Egs. (5a,5b).

Sl = Ongt (58.)
Sy = Tyl (5b)

where o is the glass absorptance, c,, is the absorber plate absorptance and 7, is the glass transmissivity. In this study,
it was considered 7, = 0, 84, oy = 0, 06, and «,, = 0, 95 as suggested by Mathur ez al. (2006b).

2.2 Balance energy

The dimensions adopted for the solar chimney are 4x0.1724x0.145 m, with inlet and outlet areas equals to 0,025 m?,
similar values used by Ong (2003). Positioned on the ceiling level of the accommodation, the absorber plate has a thermal
insulation thickness of 0.022 m which is in contact with the external environment.

Figure 2 represents the resistance diagram of the solar chimney. The glass receives the solar energy .S1, where part of
it is reflected back to the outside environment at temperature 7, and another part is lost by convection due to the external
wind. The absorber plate receives the energy transmitted by the glass .S,, losing a part of it due to external wind through
the thermal insulation. Another part is also lost due to the radiation energy that heats the glass. Both the glass and the
plate heats the air inside the channel, resulting in natural convection that starts the airflow within the chimney.
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Figure 2: Resistance diagram of the solar chimney.

Thus, the energy balance around the glass can be written as follow:

S14g + hrwgAw(Tow — Ty) = hgAg(Ty — Ty) + Ag Z Qu (6)

where Ty is the glass temperature, h, is the heat transfer coefficient of air from the inner side of the glass, A, is the glass
area, A, is the absorber plate area, 1}, is the absorber plate temperature, T is the mean temperature of the air in the

channel, and h,,4 is the heat transfer coefficient between the wall and the absorber plate. ) | ); is the energy losses given
by:

Z Ql = Quind t+ Qrs = (hwind + hrs)(Tg - Ta) = Ut(Tg - Ta) (7)

where h.,inq 1S the convective heat transfer coefficient, and k.., is the radiative heat transfer coefficient. h,;,,q is given by
Jirges Apud Duffie and Beckman (2013) in Eq. (8) and is dependent on wind velocity U.

T 5,64+3,9U U<5m/s 8)
wind = ) 7 o078 U >5mfs
To calculate h,.g and h,s, Eq. (9) and Eq. (10) are employed respectively. Both equations are given by Kalogirou

(2013), where ¢, is the glass emissivity, €,, is the absorber plate emissivity, and o is the Stefan Boltzmann constant. In
this study, it was considered €, = 0.90 and €,, = 0.95.
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hes = €90 (Ty + To) (T +T2) ©)

o(Tw +T,) (T2 + T2
hrwq — ( - g)l( g) (10)
‘ + Lo
Ew €g

The energy balance around the absorber plate can be written as follow:

S2Aw - hrngw(Tw - Tg) = thw(Tw - Tf) + UbAw(Tw - Tr) (11)

where T'. is the room temperature and Uj, is the global heat transfer coefficient through the thermal insulation layer, shown
in Eq. (12). In order to simplify the problem, the room to be ventilated was considered to be insulated. So, in this work, 7.
is essentially the external temperature 7,. Furthermore, conduction and convection heat losses in the thermal insulation
were also considered. The thermal conductivity value of the insulation k,, is 0,0275 W/m K, as suggested by Ong
(2003).

U= —— = (12)

hwind Sw

Both the glass and the plate provide energy to heat the air within the channel. The air heat gain ¢” can be expressed
as:

q77 = thg(Tg — Tf) —+ thw(Tw — Tf) (13)

where h,, is the heat transfer coefficient between the air and the absorber. As noted by Hirunlabh et al. (1999), another
expression to ¢” is shown in Eq. (14) and will be useful to evaluate the overall solution.

ricy (Ty — Tr)
V= = M(T; T, 14
q WL (T ) (14)
where 77 is the outlet mass flow rate, c,, is the specific heat coefficient, T’ is the mean temperature, and W L is the inlet
section area. Lastly, 7 due to the stack effect can also be written according to Andersen (2003) in Eq. (15).

2gLsin§(Ty — T,
= capdy, | 20Ty ~ 1) (15)
(1+ 7 (52T,

where cg is the discharge coefficient for the outlet section , p is the air density, A, is the outlet area, A; is the inlet area,
and g is the gravity.

The discharge coefficient ¢, is an empirical value and corresponds to the ratio between theoretical and actual mass
flow on discharge and is also described as in Eq.(16), where > h; is the head loss’ system.

1

o

The head loss equation is show on Eq.(17), where > l;,, is the inlet losses, Y I,y is the outlet losses and f D% the
friction loss. /

Cd = (16)

S =Y bt Yot + - a7)

According to Ortega (2011) the inlet loss coefficient could be assumed equals to 0, 5, the outlet loss coefficient equals
to 1 and the roughness value is equal to 0, 5. By moody’s diagram, the friction factor will be a value between 0,025 and
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0,05. So, the head loss will range from 2,13 < Y h; < 2,77 and consequently the discharge coefficient will be varying
between 0, 60 and 0, 685.

Others authors, like de Oliveira Neves and da Silva (2018), studied others factors that could be changing the c4 value.
For example, the wind direction can significantly change discharge coefficient, as shown by de Oliveira Neves and da Silva
(2018), which found a variation between 0.56 and 0.8 according to the wind direction. For a vertical solar chimney, Zha
et al. (2017) led an experiment where the results suggested 0,51 for ¢4 value. Although the database used in this work
provides the wind speed and direction, the wind does not behave as a constant parameter throughout a city and the solar
chimney can be easily affected by topography, surrounding buildings, vegetation and it’s own geometry and materials. So,
in this study, it was decided to adopt a fixed value for the discharge coefficient as suggested by Flourentzou et al. (1998),
with ¢4 = 0.6.

Egs. (6), (11) and (13) can be rearranged into a linear system and solved by Gauss-Jacobi method. The iterative
process has been set to stop if the calculated values of 7', between two successive iterations, becomes less than a preset
tolerance ¢, defined as e = 0.001K for this case. Since the surface areas are the same, the equation system are shown in
Eq. (18).

Tw = (Sa+ UTy + hrwgTy + hoTs) /[ (haw + hrwg + Us)
Tg = (hng + hrngw + Sl + UtTa)/(hg + hrwg + Ut) (18)
Ty = (MTT + heTy + thw)/(hg + hy + M)

The system efficiency 7 is determined by Eq.(19), where T is the temperature of the air exiting the chimney, which
can be calculated by Hirunlabh er al. (1999) proportion.

mcp(TS — Tr)
= — 1
g WL I, (19)

2.3 Thermal properties of air

The measurements collected from weather stations also provided air relative humidity (®) data. So, by using Tetens
equations, noted by Weiss (1977), the air density within the channel can be expressed as presented in Eq. (20), where
P,ys is the absolute pressure, and ¢ is the relative humidity.

Paps — (610, 8e* 77777 ) 610,8¢Z737Tr ) x
p= b ( e ) ) + ( e ) o0)
287, 058T 461, 4957}

The specific heat is suggested by Asano (2007), as follows in Eq. (21), where T}, is the mean temperature between
the air and surface and must be calculated for glass and absorber plate.

(28,114 1,97T,, x 1073 + 4,872 x 107¢ — 1,977 x 1077) 1)
v = 28,97 x 10-3

The Nusselt number considered is given by Vliet and Ross (1975) in Eq. (22), where the transition between laminar
and turbulent regimes can be specified according to the channel inclination, with R, ~ 10® for # = 10° and R, ~ 100
for 8 = 90° as an example.

(22)

_ 0,55(G,P.)%?  laminar
N 0,17(G,P.)%?> Turbulent

where G, is the modified Grashof number, shown in Eq. (23). G, can be defined as a function of the Prandtl number
P,, a given hydraulic diameter D, the gravity g, an expansion coefficient 3;, a thermal conductivity coefficient k£ and a
kinematic air viscosity v.

_ ItD4gﬂt
v2k

By using the power law, the viscosity of air can be expressed as in Eq. (24) and v can be obtained by the ratio between
1 and the air density p.

Gy (23)
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H T 0,7
— = (=) (24)
Ho T )
For the air thermal conductivity calculation, the expression proposed by Kannuluik and Carman (1951) is adopted in
Eq. (25) with a conversion factor to SI unit included.

k= (575 x 10_5(1 +0,003177T,, — 0,0000021T31)) x 418,4 (25)
3. Results and discussion

Since the cities of Rio de Janeiro and Seropédica are geographically close to each other, the data analyzed proved to
be very close, with slight variations between one station and another. Therefore, for practical purposes, all the results
presented in this section were obtained through an average of the data from each weather station listed in Tab. 1.

Looking at Fig. 3 and Fig. 4 it can be seen that the heat absorber plate and the glass presents higher temperatures
for tilts between 10° and 40° indeed. At first, this would imply a higher temperature gradient between the chimney’s
wall and the air within it, thus generating a higher airflow. In fact, as can be seen in Fig. 5 the difference between fluid
temperature T’y and room temperature 7;. is higher for lower tilt angles. However, the flow is also dependent on chimney
tilt angle 6 (Eq. (15)), which means being dependent on the vertical distance between the air inlet and outlet, the stack
height. Therefore, to guarantee the maximum possible flow to the system, it is necessary to assess the influence that each
of these variables will have on the final result.

3501

=1 <200 0300 w400 +50° =600 ©T70° 80 <90

6 8 10 12 14 16 18
Hour

Figure 3: Average temperature of the absorbent plate during the day according to tilt angle.
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Figure 4: Average glass temperature during the day according to tilt angle.

Kalogirou (2003) argues that the optimum tilt angle for solar collectors is equal to a range of £10° from Latitude
location. So, to Rio de Janeiro and Seropédica, located at the Latitudes shown in Tab. 1, it is expected that inclinations
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Figure 5: Average AT of the air within the channel during the day according to tilt angle.

close 10° or 30° benefits the energy gain. However, not necessarily this range will provide the highest air flows to a solar
chimney. In Fig. 6 the average mass airflow for nine tilted chimney conditions is presented. As expected, the airflow
increases from sunrise to noon and it decreases from noon until the sunset. The maximum average mass airflow obtained
was 0.0138 kg/s at noon with a 60° tilt angle, which also guarantees the highest airflow over practically the entire period
of the day with sunlight. It is also possible to notice that angles between 50° and 80°, which can be considered a relatively
large variation for the solar chimney tilt, the average mass airflow generated is not significantly changed. At noon, for
example, the maximum airflow variation for those angles were less than 4 %. However, for tilt angles below 40°, there
is a considerable decrease in the airflow, indicating that this tilt range should not be applied in solar chimneys located in
these two cities.

0.014F - e 0.01400 =
=10 - 0.01375
e 0.01350 ]
= 10 0.01325
50 0.01300
0.010F -=-60° 0.01275 -
NE S
= ; 3
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B
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0.002 . , , . . : |
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Figure 6: Average mass airflow for each hour according to tilt angle.

Throughout the year the solar energy intensity presents a natural seasonal variation. So, to evaluate the best chimney
inclination during the year, the average airflow for each month were calculated and are presented in Fig. 7. These data
show similarities with those presented in Fig. 6, with the higher average airflow being achieved for tilt angles between
50° and 70°, depending on the month analyzed, which are close to the tilt angles found by Bassiouny and Korah (2009)
and Sakonidou ef al. (2008). However, the month that generated the highest average airflow was April, instead of a month
during summer period. Although it appears to be contradictory, there is a reasonable explanation for that. The zenith angle
has a huge impact on the energy captured by the absorber plate, as can be seen in Fig. 8. A low zenith angle means that
the ecliptic is substantially parallel to a vertical chimney, thereby reducing the solar radiation that reaches the absorber
plate and, consequently, reducing the energy transferred to the air within the channel. In summer the zenith angle is lower
than in winter. So, for higher tilt angles the absorber plate capture less energy in summer than in winter. The opposite is
true for lower tilt angles. As an example, for a 60° tilt, the solar radiation reaching the system is higher in April than any
summer month, resulting in higher airflow in this month with this tilt.

Besides that, it is important to notice that the airflow results were computed based on the hourly weather measurements
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from INMET. However, summer has longer days in comparison to winter, which means that the solar chimney can be
active more hours during a summer day. Instead of calculating only the average airflow in kg/s, Fig. 9 shows the average
airflow in kg/day for each month of the year, giving more reliable information about the chimney airflow. Therefore,
despite the average airflow, presented in 9, shows higher values in April, the daily average airflow is higher in January
as would be expected. Table 2 shows the same data but as an average for each season of the year. As expected, during
the summer period, higher daily average airflow values are obtained in comparison with other seasons. Also, in summer,
one can observe a performance reduction of the chimney in the vertical condition due to the low zenith angle, generating
airflow similar to 20° and 30° tilt. Indeed, when comparing the results for the chimney with a 10° and 90° inclination, it
is clear that the stack height has a greater influence on the airflow result than the solar radiation reaching the system.

0.013— T T T T T T . . . . .
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0.011p

=
[a=]
—
[
T
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Flow (kg/s)
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=10 200 e300 240 50 -8-60° ---70° —+M0° —90°
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Month
Figure 7: Average mass airflow (kg/s) for each month according to the tilt angle.
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Figure 8: Hourly average solar radiation for each month (W /m?)

Therefore, it is possible to state that, in the two cities under study, there is no need to implement an automatic system
to control the chimney tilt, either during the day or throughout the year. In both cases, angles between 60° and 70° already
guarantee the highest flow rates, with minimal differences between then.

The chimney efficiency was also computed. Fig. 10 presents the average efficiency for each hour and different
tilt angles considered so far, where is possible do see the efficiency behaving almost the same way as the airflow, i.e.,
increasing from sunrise until 11-12 a.m. and then decreasing. The maximum average efficiency obtained was 0.343 at
11 a.m. with 50° tilt, a little bit higher than the case with 60° tilt. In Fig. 11 the average efficiencies for each month
are presented, and as can be verified, the higher efficiencies were obtained during Autumn and Winter seasons, since the
average airflow (Fig. 7) also increase during this period, with the highest efficiency happening in April. As explained
before, the main reason for that is the low zenith angle in the two cities of interest during summer.
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Figure 9: Daily average mass airflow (kg/day) for each month according to the tilt angle.

Inclination 10° 20° 30° 40° 50° 60° 70° 80° 90°
Summer  298.86 378.40 42599 45582 47147 473.88 465.60 446.79 41693
Autumn 25494 33150 383.21 419.80 444.50 458.74 463.28 458.61 445.01

Winter 24795 320.01 367.59 400.42 421.74 433.03 435.10 42845 413.40
Spring 284.82 359.72 40545 432.81 446.04 44743 438.82 418.14 390.24
Table 2: Daily average mass airflow (kg/day) for each season according to tilt angle
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Figure 10: Hourly average efficiency of the solar chimney according to the tilt angle.

4. Conclusions

The present study aimed to calculate an optimal tilt range for a solar chimney to generate the maximum possible
airflow in Rio de Janeiro and Seropédica cities. This goal was achieved by using the hourly weather measurements from
INMET to do all the calculations necessary. The results showed that the highest airflow were obtained with a tilt angle
between 60° and 70° regardless of the time or month analyzed. Therefore, implement an automatic system to control the
chimney tilt, like the ones installed in a photovoltaic system, should not present a good cost-benefit. Also, we verified
that the chimney stack height has a greater impact on the system airflow than the solar radiation that reaches the absorber
plate.

It is worth mentioning that the weather data considered for this study covers only one year of measurements, and may
not be enough to have a better estimate of the airflow results. More complex and seasonal climatic phenomena, such as El
Nino, may not have been captured in this study, requiring more data to be analyzed.
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Figure 11: Hourly average efficiency of the solar chimney for each month according to the tilt angle.
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