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Abstract: This paper presents the thermal behavior of a partially heated solar chimney under hot-humid climate
conditions. The solar chimney (SCH) is 2 m high and 0.8 m wide and consists of an absorber plate and a translucent
plate. The SCH allows a cavity thickness variation from 0 to 0.28 m, an inclination angle variation from 0 to 90°, and
allows varying the amount of energy absorbed by the absorber plate and translucent plate. These plates were heated
by resistors, simulating a solar irradiance range of 225 to 900 W/m? (absorber plate) and from 12.15 to 50 W/m?
(translucent plate). Twelve tests were conducted with different configurations varying the power supplied to both plates,
the thickness of the absorber plate cavity, and the 90° inclination angle. The variables measured were temperature,
air velocity at the inlet, and heat flow on the side walls and rear wall. As a result, a maximum air renewal of 51.43 ACH
was obtained, equivalent to the air changes used in a paint booth. The results show that the partially heated solar
chimney can be used as a passive ventilation system for air renewal.
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1. INTRODUCTION

The energy sector of Mexico faces the accelerated growth of energy to satisfy the thermal comfort of residential
buildings. According to the “Comisidn Nacional para el Uso Eficiente de la Energia” (CONUEE, 2016) [1], 30% of
residential energy consumption is addressed to thermal comfort in hot weather zones. The “Secretaria de Energia”
from México (SENER, 2017) [2] estimates that 1.76 billion dollars of subsidy were addressed to satisfy the thermal
comfort in residential buildings from hot weather zones, which is a problem that must be dealt with reduce negative
impacts. A negative impact is the pollution of the environment due to the energy production to satisfy thermal comfort
in buildings and the increasing cost of electric services.

Based on ISO 7730 [3], thermal comfort “is a mental condition that expresses the satisfaction with the thermal
ambient,” which means that it is necessary to achieve a thermal equilibrium; although the thermal comfort parameters
varying respect to every person; the thermal sensitivity is individual although the temperature is between 18 and 26°C.
The environmental parameters influencing thermal sensitivity are ambient temperature, relative humidity, solar
radiation, and wind velocity.

The thermal comfort in an enclosure is maintained by implementing an active system or a passive system. Active
systems work with conventional energy sources. On the other side, passive systems work with renewable energy,
and their performance is in the function of the orientation of the building and the integration of passive systems with
the facade, for example. Some passive systems implemented in buildings are the Trombe Wall, the Parietodinamyc
Wall, the earth-air heat exchanger, and the solar chimneys. The solar chimney is an alternative passive system that
induces the ventilation of a building through the constant air renovation to the inside from the outside environment
[4]; a solar chimney increases the temperature gradients to induce a temperature change inside the room according
to its function and environment condition which permits to achieve thermal comfort.
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Furthermore, the study of solar chimney performance is interesting technology of passive systems to provide thermal
comfort indoor a building in an ecological form. The use of solar chimneys can reduce the electric energy consumption
of conventional methods. The use of solar chimneys contributes to reducing the emissions of pollutants. Solar
chimneys can be used on the roof, facade, or in combination with tilt.

Recent studies of solar chimneys have focused on obtaining the highest efficiency levels of velocity or air renovation
and temperature gradient increases. Theoretical studies [5]-[7], experimental studies [8][9], and theoretical-
experimental studies [10] evaluated the importance of parameter as channel height, tilt, cavity area, and solar
radiation and how these parameters influence directly or indirectly in the solar chimney performance [10]-[12]. The
revised studies revealed the anomalies in the airflow behavior in the output of solar chimneys where air counterflow
formed a tampon. Therefore, itis necessary to study the performance of airflow in the output varying the solar radiation
in different solar chimney sections through experimental tests and determine the speed of air renovation and
temperature gradients.

2. MATERIALS AND METHODS
A. Mathematical model

The heat flux (qw) through the wall is determined by applying Fourier's Law (1):

W:zAWA—T
L (1)

where 2 is the thermal conductivity of the insulating material, Awis the total area of the insulating material, AT is the
temperature difference between the sides of the insulating material, and L is the thickness of the insulating material.

The heat flow through the translucent-simulated plate (TSP) is determined by Equation (2). The thermal resistance of
the translucent plate is neglected since it is a thin material. Furthermore, the value of the convective-radiative
coefficients is the same on both sides of the translucent material.

Orep = hATSP (TTSP _Tin) (2)

where h is the convective heat transfer coefficient, Arsp is the area of the translucent plate, Trspis the temperature in
the translucent plate, and Tiy is the inlet air temperature.

Equation (3) represents the heat flux removed by the air, where the absorber energy by TSP; this energy is divided
into inside and outside components. Therefore, the system energy balance is calculated through Equation (4).

Qair = PAP —Oys t |QI’SF’ ~Orsp 3)

Pap + Prsp —Ous —Orep = n&Jp (T

out

Tin ) (4)

where m is the mass flow inside the cavity, and Cp is the specific heat evaluated at the mean temperature between
the inlet (Tin) and outlet (Tout).

The thermal efficiency for the SCH can be determined by Equation (5) [13], where Axp is the area of the absorber
plate.

n= ( me(Tout _Tin) ]Xloo
(PAP+ PTSP )AAP (5)

Equation (6) expressed the air changes per hour (ACH) to analyze the airflow, where V s the volumetric flow and

W is the volume of the enclosure or room. The ACH value indicates the ventilation level of a sector and analyzes the

air quality.

AcH=Y
w

(6)
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B. Design and construction

Fig. 1 shows the dimensions of the solar chimney (SCH). The channel height and width are 2 m and 0.8, respectively;
the SCH comprises of an absorber plate (AP) and a translucent-simulated plate (TSP). The SCH allows varying the
channel thickness from 0 to 0.28 m, the tilt from 0 to 90°, and the absorber energy through the TSP. The plates were
heated using thermal resistances, which simulated the solar irradiance from 225 to 900 W/m? (absorber plate) and
12.15 to 50 W/m? (TSP).

The channel is a space inside composed of four envelopes: front, back, and side walls. The front wall is the TSO,
while the back wall is the AP; both envelopes were manufactured using galvanized sheet metal (with a mate black
cover), and between the sheets, a distribution of thermal resistance was installed for heating. The side walls were
insolated thermally with Foamular (extruded polystyrene) of 0.0508 m (2 in) thickness; the side walls were
instrumented with thermopiles to quantify the heat losses. The shell structure of SCH was built with steel profiles, and
two bearings coupled to the framework’s support were employed for the rotation system.

C. Instrumentation

The side and back walls were instrumented with heat flow transducers, built using T-type thermocouples to quantify
heat loss (qw). Also, the thermopiles were built using T-type thermocouples. The air temperature inside (T¢) the
channel at different locations was registered using 12 T-type thermocouples (+0.5°C); the thermocouples were
installed to register the air temperature in the hydrodynamic boundary layer over the absorber plate and the center of
the channel. The air velocity (v) was measured in the channel inlet using a Delta Ohm hot-wire anemometer, model
HD4V3TS2 (+0.06 m/s). The temperature gradients between the inlet and outlet channel (Tou - Tin) Were measured
through a thermopile in an arrangement of four points and two PT100 sensors to measure the inlet and outlet
temperature of the channel. A sensor AMT1001 was implemented to measure the relative humidity of the channel’s
inlet. The heating of the TSP (Ptsp) and AP (Papr) was induced through the electrical resistances of constantan of 2.66
and 10.67 /m, respectively; the electrical resistances were connected to DC energy source BK PRECISION 1673
and GW INSTEK. A digital multimeter Keysight 34972A was employed as a data acquisition system.
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/
o
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Fig. 1 Experimental setup of SCH.
D. Procedure

Table 1 shows the configurations of the experimental test of SCH. The partially heated was implemented to simulate
the shaded conditions over the plate surfaces. The tilt of the prototype was fixed at 90° since this is the tilt to obtain
the maximum ACH for the configuration of SCH reported by Villar-Ramos [14].
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Table 1. Experimental test
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The experimental tests were executed in the next order:

1.

© N o g &~ w D

Fixed inlet and outlet area for 0.075 m channel thickness.
Fixed heating for AP of 360 W.

Fixed heating for STP of 20 W.

Fixed tilt of 90°.

Activation of sensors and configuration of digital multimeter for recording data.

Start the test until the system achieves a steady state.
Repeat steps 1 to 6 for 0.125 and 0.175 m thickness.
Repeat steps 1 to 7 for other heat flow in the AP and STP.

3. RESULTS AND DISCUSSION

Fig. 2 shows the temperature of the inlet and outlet air temperature of SCH during the transient state until the system
achieved the steady state. The shaded zone in Fig. 2 represents the transient zone, while the white zone represents
the steady zone. The steady state was observed after one hour of the test approximately. The results correspond to
Test 3. The maximum temperature difference was 9.45°C between Tin and Tout, indicating homogeneous heating
inside the solar chimney.

Time (hh:mm)

Fig. 2 Temperature behavior during transient state for Test 3
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The results of 12 tests during the steady state are concentrated in Table 2. The results presented show that the
highest difference between Tin and Tout was 9.44°C for the configuration with a thickness of 0.075 m with a heat flow
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induced in the absorber and translucent plates of 1080 and 60 W, respectively; in this configuration, the highest air
velocity was registered of 0.68 m/s. For the configuration of the solar chimney with a thickness of 0.175 m and with
the same induced heat flow, the highest air renovation of 51.426 ACH; the efficiency of this configuration was 58.48%
which was the highest efficiency recorded. However, the solar chimney efficiencies for the other configurations varied
slightly.

The highest temperature of AP was 97.64°C, obtained for a configuration of 1440 and 80 W heat flows supplied to
the AP and STP, respectively with a thickness of 0.075 m. Results of Table 2 shows that the AP temperature increased
as the supplied heat flow for the different thickness. The heat flow loss by the side walls was minimal compared to
Pap and Pstp.

The behavior of the parameters during the test is described in the next section to improve the comprehension of the
results obtained during the experimental evaluations.

Table 2. Results of experimental tests

No. d Pw | Psw -[AP Esw ;rm Iout ﬂ'[out-m UT: Gw v Km v n ?CH
(m) | W) | W) | (C)] €C) | (C) | (C) | (C) | (O | W) | (o) | /| (%) |C/w

1 360 | 20 |5035| 3242 | 2860 | 3246 | 357 | 3185|1393 | 037 | 010 | 30556 | 5826 | 11.32
2 720 | 40 | 7065| 4841 | 3014 | 3666 | 653 | 3492 | 3132 | 055 | 011 | 34521 | 58.11 | 12.79
3 oom 1080 | 60 | 9371| 4435 | 2348 | 3293 | 945 | 2031 | 5018 | 068 | 011 | 34758 | 57.90 | 12.87
4 1440 | 80 | 9764 | 4807 | 2732 | 3624 | 892 | 3342 | 6347 | 055 | 016 | 500.79 | 58.08 | 1855
5 360 | 20 |5186| 2752 | 2488 | 2647 | 150 | 2507 | 1427 | 036 | 022 | 67531 | 5816 | 25.01
6 720 | 40 | 7679| 4202 | 2592 | 2977 | 386 | 2841 | 2051 | 041 | 018 | 57124 | 5820 | 21.16
7 19" [T10a0 | 60 |9540| 4631 | 2677 | 3130 | 462 | 2078 | 4870 | 046 | 023 | 71987 | 58.05 | 2666
8 1440 | 80 | 96.19| 4711 | 2750 | 3242 | 492 | 3819 | 6068 | 048 | 020 | 90926 | 58.25 | 33.68
g 360 | 20 |5401| 3060 | 2762 | 2864 | 102 | 2813 | 1381 | 027 | 034 | 1062.00 | 58.37 | 30.33
10 720 | 40 | 7833 | 4401 | 2942 | 3120 | 178 | 3112 | 3069 | 037 | 039 | 124800 | 57.96 | 4622
11 o 1080 | 60 | 97.59| 49.08 | 30.00 | 3246 | 245 | 3221 | 4885 | 042 | 043 | 138849 | 58.48 | 51.43
12 1440 | 80 | 96.33| 47.80 | 2072 | 3334 | 363 | 3241 | 6021 | 047 | 030 | 123872 | 58.06 | 45.88

A. Absorber plate temperature (Tap)

Fig. 3 shows the temperature of the absorber plate considering the different thicknesses of the channel evaluated.
Fig. 3 shows that the influence of different thicknesses in the increasing temperature is minimal; this effect was
observed with the temperature registered for the thickness of 0.075, 0.125, and 0.175 m using the same configuration
of heat flow of absorber and translucent plate. The obtained results for a heat flow of 360 W were very similar to the
data reported by Suarez et al. [15] of 45°C for the TSP.
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Fig. 3 AP temperature respect to channel tickness
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B. Temperature difference between Tou: and Tin

Fig. 4 shows the temperature difference behavior for the different thicknesses of the channel. The highest temperature
difference was 9.45°C for the lowest thickness and heat flow of 1080 and 60 W for absorber and translucent plates,
respectively. The behavior was similar when the absorber plate was heated from 1080 W to 1440 W with a maximum
temperature difference of 0.5°C; this implied that the temperature difference of the system presents minimal changes.
The ATouin increased as the energy for heating the absorber and translucent plates, and ATouwin iNncreased as
decreased the channel thickness.

C. SCH efficiency

Fig. 5 shows the behavior of SCH efficiency as a function of channel thickness. The lowest efficiency was 57.9% with
a channel thickness of 0.075 m and a heat flow of AP and STP of 1080 and 60 W, respectively; the highest efficiency
was 58.48% with the same heat flow induced for AP and STP. The obtained efficiency is in the range of values for a
traditional SCH (up to 61%) [16]. Fig. 5 shows that the difference in efficiencies is minimal, and their tendency is
unclear for channel thickness and heat flows supplied; the efficiencies were from 57 to 59%.
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Fig. 4 Temperature difference between inlet and outlet for different channel thickness
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Fig. 5 SCH efficiency for different channel thickness
D. Air changes per hour (ACH)

The results show that the ACH values increased as channel thickness while the influence of heat flow supplied in the
ACH induced is minimal. The larger channel thickness permitted to obtain higher ACH, therefore the configuration of
channel thickness of 0.075 m permitted to induce between 11 and 18 ACH, between 25 and 33 ACH for the channel
thickness of 0.125 m, and between 39 to 51 ACH for the channel thickness of 0.175 m. The results indicated that the
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SCH prototype is suitable for providing ventilation in different spaces; for example, for the residential sector, the
interval of air renovation is from 15 to 25 ACH, while for the industrial sector, the SCH can be implemented for a paint
booth which required from 25 to 50 ACH.

The comparison between the ACH obtained in this study and the values reported by Villar-Ramos [14] shows that the
results of SCH with located heated are better than the homogeneous heated when the heat flow supplied is similar.
For example, a homogeneous and uniform heat flow of 750 W for AP y 40 W for STP (channel thickness of 0.175 m)
induces 12 ACH, lower than the 46 ACH induced by the same configuration with a partially heated. This fact shows
that the located heated is more suitable for achieving higher ACH; in addition, that represents a real situation where
the vertical wall is heated in a non-homogeneous form due to the sun’s movement and the position of the building.

60 T T T T
55
50

45
40F — -
s+ .
30

Air changes per hour, ACH (1/h)

360 720 1080 1440
Energy supplied (W)

Fig. 6 Air changes per hour vs supplied energy.

4. CONCLUSIONS

In this study the thermal behavior of SCH with located heated was analyzed by varying the solar irradiance in different
sections through experimental tests to determine the air renovation and temperature gradients.

The results of tests revealed that the absorber plate temperature increased as the heat flow was supplied.
However, this behavior changed after a heat flow of 1080 W since the changes in absorber plate
temperature were minimal. Also, the influence of the channel thickness was minimal with the temperature
registered.

The difference on performance between 1080 W and 14400 W configurations was minimal. Therefore,
increasing the heat flow does not improve the performance of SCH.

The air velocity and the energy removal were increased when the channel thickness was reduced, and the
heat flow increased.

The difference between the efficiency of SCH configurations varying the channel thickness and the heat
flow for both plates is (1%. The results show that efficiency depends on the removed and supplied energy.
Therefore, the removed energy increases as the supplied heat flow; this tendency was observed with all
configurations evaluated.

The channel thickness influences the air renovation, ACH; therefore, the configuration of the highest
channel thickness induced the highest ACH value. Results show that the configuration using a heat flow of
1080 W for the AP was better than that using a heat flow of 1440 W.

In summary, it is concluded that the SCH with located heated is suitable to be used as a ventilation passive system.
Evaluating the thermal performance of SHC with partial heating permitted us to determine the feasibility of this system
since the experiment simulated shaded conditions and varying solar irradiance.
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