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Abstract

Ventilation is one of the factors contributing to energy consumption in
buildings and food preservation. The solar chimney proves to be an alterna-
tive for reducing conventional energy consumption. Thus, in this study, the
performance of a solar chimney with two active faces for thermally drawing

air from a chamber for preserving agri-food products was evaluated. These
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temperatures and velocities within the chimney, and their analysis using Ex-
cel and MATLAB. The obtained results were compared with those from lite-
rature to verify their validity. From this study, it is found that the maximum
temperature at the chimney outlet reaches 49.4°C with an average value of
43.7°C. Additionally, the heating evolution of the chimney air presents four
(04) identical phases in pairs, reflecting the chimney’s operation throughout
day. The temperature difference between the outlet and inlet of the chimney
reaches a maximum of 17°C with an average of 12.6°C. Regarding airflow, the
maximum air velocity at the chimney outlet is 0.8 m/s, and the average veloc-
ities have consistently been greater than or equal to 0.46 m/s. Thus, it can be
concluded that the solar chimney is capable of providing ventilation for the
preservation chamber through thermal draft.
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1. Introduction

Ventilation based on thermal buoyancy-driven draft has been extensively stud-
ied as a fundamental role in natural ventilation techniques. By harnessing the
potential of solar radiation, passive solar design strategy could serve multiple
functions in reducing energy consumption [1] [2]. According to the airflow
model, passive ventilation systems can achieve natural ventilation [3] [4], heat-
ing [5], cooling [6] [7] of spaces, and preheating of air [8]. For ventilation, sev-
eral types or configurations of solar chimneys exist. Depending on the configu-
ration, these include trombe wall solar chimneys, roof solar chimneys [9] [10]
[11], vertical solar chimneys [12] [13], as well as inclined solar chimneys [14]
[15], and solar tower chimneys. Solar tower chimneys are typically used for elec-
tricity generation.

In order to enhance the performance of solar chimneys, numerous studies
have been conducted addressing several parameters including chimney height,
hydraulic diameter or dynamic vein, height-to-hydraulic diameter ratio, and in-
clination angle, among others. Typical values for the height of passive solar
chimneys range from 1 m to 6 m [16] [17] [18] [19] [20]. However, exceptionally
tall passive solar chimneys have been encountered, with heights reaching up to
21 m [21].

For instance, a solar wall chimney measuring 4 m in height and with an air
section of 0.025 m?, subjected to a flux of 400 W/m? [22], numerically obtained
an average outlet temperature of 43°C and a mass flow rate of air extraction of
0.014 kg/s. For the same flux, but a solar wall chimney measuring 2 m in height
and with a flow diameter of 14.5 cm, [23] found an average outlet air tempera-
ture of 40°C and a mass flow rate ranging from 0.016 to 0.018 kg/s.

With a 1 m tall solar wall chimney, [24] experimentally and theoretically
demonstrated that the air velocity at the outlet can reach 0.24 m/s for a flow di-
ameter of 0.332 m and an air inlet diameter of 0.13 m when the flux reaches 700
W/m?

In a numerical study using Computational Fluid Dynamics (CFD) [25], it was
shown that beyond 0.2 m, the influence of hydraulic diameter on mass flow rate
is negligible. Additionally, [26] addressed vertical solar chimneys by studying the
influence of the ratio of hydraulic diameter to height (4/L). They showed that for
asymmetric heating of plates, beyond 0.2, the 5/L shape ratio has almost no in-
fluence on the Nusselt number. This implies that the thermal effect becomes
negligible beyond b/L = 0.2.

Furthermore, [27] conducted a numerical study on the effect of the ratio of
hydraulic diameter to height on the maximum heat transfer rate in the case of
asymmetric heating. They found that the optimum shape ratio is 0.198, 0.117,
0.069, and 0.040 respectively for Ry.= 10°, 10°, 107, 10%. This allowed the authors
to show that for 10° < R < 107, the correlative relationship giving the optimum
shape ratio is (&/L)opt = 2.8(Rar)*%.

Inclined solar chimneys, like roof solar chimneys, share the common charac-
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teristic of being inclined. However, their distinction lies in how they are inte-
grated into the ventilated enclosure. If the chimney is part of the roof, a section
of the roof, or a component of the roof, it is called a roof chimney [28]. But
when the chimney integrates into the enclosure without depending on the roof
but is inclined, it is called an inclined chimney [11]. With the inclination, the
solar collector of the chimney receives more radiant power. This has sparked in-
terest among many researchers such as [29]. They investigated a 50° inclined so-
lar chimney relative to the horizontal. It has a height of 1 m and a hydraulic di-
ameter of 0.15 m. The results show that the best performance is a flow rate of
0.040 kg/sec and an air renewal rate per hour of 157 when the radiation is 820
W/m?

[30] experimentally and numerically studied a 2 m long solar chimney with a
dynamic vein of 5 cm. Its inclination angle varies from 15° to 60°. When the
heat flux varies from 150 W/m? to 750 W/m? for an inclination of 60°, the volu-
metric flow rate ranges from 50 to 425 m*/h. The fluid flow velocity ranges from
0.3 to 0.79 m/s at the outlet of the 5 cm thick dynamic vein.

Moreover, aiming to find the optimum inclination angle, [14] used experi-
mental and theoretical methods to study the effect of the inclination angle of the
solar chimney on the ventilation rate during the summer period. A roof solar
chimney with a surface area of 1 m? inclined at 45°C with an airflow section of
0.35 m? The theoretical and experimental results are consistent and show that
the optimum inclination is between 45° and 60° depending on the altitude.

As for [31], they studied a solar chimney inclined at 60° relative to the hori-
zontal, with a length of 1.5 m, a width of 0.75 m, and a hydraulic diameter of 0.2
m. Similarly, [32] examined the thermal performance of a passive cooling system
by an inclined roof solar chimney at a 45° angle.

Regardless of the type of chimney, the common physical principle is that air
density gradients primarily produce pressure differences at various locations
[33]. Therefore, energy is required to induce these density gradients and create
pressure differences. The chimney thus assumes this precise role by providing
the necessary energy through the conversion of solar radiation into heat, which
it transfers to the fluid (air) to induce its upward movement by buoyancy. Thus,
it is essential to ensure the existence of solar potential. Burkina Faso is a Sahelian
country with a high insolation potential and a solar energy potential of 5.5
kWh/m? per day [34]. The solar chimney, as a passive ventilation technology, is
therefore a viable solution in Burkina Faso. However, solar chimneys are not
currently utilized in Burkina Faso.

In the scientific literature, the solar chimneys discussed, whether inclined,
vertical, or of the roof and Trombe wall type, typically have a single active face.
Additionally, solar chimneys are generally used in residential settings. Therefore,
to add to the existing array of chimneys while aiming to improve their perform-
ance, a study on the performance evaluation of a vertical solar chimney with two

active faces is proposed.
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2. Experimental Method
2.1. Solar Chimney

The solar chimney was initially designed using Autocad before its construction,
as illustrated in Figure 1. It is 3 meters long and 2 meters high. It consists of two
thermal solar collectors on its East and West faces, spaced 0.5 meters apart,
which is the hydraulic diameter or the thickness of the dynamic vein.

The chimney on its active faces is oriented East-West and couples with a con-
servation chamber whose door and two windows are on the south face. It has
three ventilation holes measuring 0.35 x 0.15 m? on each of the East and West
faces.

For construction, a parallelepiped mesh of 3 x 2 x 0.5 m® is made using 5 IPN
iron bars (see Figure 2(a)). Plywood sheets are placed on the 2 x 0.5 m?* faces
(South and North sides). Then, mild steel sheets are placed on the 3 x 2 m? faces
(East and West sides) (see Figure 2(b) and Figure 2(c)). Clear glass sheets of
5mm are then placed on these same faces (see Figure 2(d)). The steel sheets and
glass are separated by 5 cm of inert air. A hood is installed above to limit dust
and protect against rain (see Figure 2(e)). The South and North faces are the
inactive sides made of 5mm plywood painted in black (see Figure 2(e)). Thus, a
solar chimney with a 3 x 0.5 m? air extraction section was constructed. Figure 3

describes the different elements

e

Figure 1. Designing model.

Onfiacn: Sl el ~ -

Figure 2. Steps of chimney construction (a) mesh, (b) placement of the absorber, (c) chimney painted black, (d) installation of the
glass, and attachment of the hood (e).
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and environments constituting the solar chimney.

2.2. Data Acquisition and Processing

The parameters involved are: temperature, air flow velocity, and solar radiation
density. Temperatures at the inlet and outlet of the chimney were measured us-
ing type K thermocouples via a data logger. Solar radiation is measured using a
second-class SR03 pyranometer and presented by [35]. The air velocity at the
chimney outlet is deduced using Equation (1). The operating principle is as fol-
lows: solar radiation captured by the collector heats the air in the dynamic vein
which sees its temperature increased and generates buoyancy (Figure 4). At the
inlet the air is less hot (blue arrow) and hotter at the outlet (red arrow). Tem-

peratures are measured at the inlet and outlet at three points aligned along the

: Glass East

: Absorber East

. Air flow

: Greenhouse East
: Glass West

: Absorber West

: Greenhouse West
: Air Gap

: Hood

[ ]
W
O 0 IO bW =

° ® Measuring line: inlet and outlet

Figure 3. Constituent elements of the solar chimney and temperature measurement line

Exit air

golar Radiatio?

i

Entrance air

Figure 4. Operation of thermal draft.
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length of the chimney. The average of the three inlet temperatures gives the inlet
temperature and the average of the three at the outlet is the outlet temperature
(Figure 3).

These data were then processed using Excel and MATLAB, specifically for
deducing the velocity.

The air extraction capacity of the chimney is evaluated using parameters such
as velocity or air flow rate at its outlet. This can be achieved using a fine ane-
mometer, as the velocities are relatively low, or by evaluating the temperature
difference between the chimney outlet and inlet, and then deducing the velocity

according to the formula [36]:

- J2B9AT x AH W

Kint (A%xt] + Kext + fext i
Aint Dh

A, and A, :are respectively the outlet and inlet sections of the chimney.

B : is the coefficient of thermal expansion.

AH: is the difference in altitude between the air outlet and inlet.

AT: is the temperature difference between the chimney outlet and inlet.

& is the acceleration due to gravity.

K. and K, are respectively the pressure loss coefficients at the chimney out-
let and inlet.

f.. : is the friction factor of the chimney walls (absorbers).

Dy: is the hydraulic diameter.

H:is the height of the chimney.

According to [37] [38], typical constant values are: K, =15, K, =10,

foe =0.056.

As a fine anemometer was not available, this formula was used for deducing
the velocity. The application of this formula is straightforward: experimentally
determine the difference between the temperature at the outlet and the temper-
ature at the inlet of the chimney. Knowing the temperature of the air in the mid-
dle of the chimney, deduce the coefficient of thermal expansion. With the other
terms being constants, a small calculation program allows the determination of

the fluid velocity at the chimney outlet over time.

3. Results and Discussions

3.1. Heating of Draft Air: Chimney Outlet-Inlet Temperature Gap

The solar chimney’s ability to draw air is dependent on its heating power of the
air in its flow channel. The warmer the air, the less dense it becomes, resulting in
higher flow velocity. Therefore, it is crucial to study the behavior of air temper-
ature at the inlet and outlet of the chimney to determine its ability to provide the
necessary heat for raising the air temperature in its dynamic vein. This allows for
the evaluation of the chimney’s performance as thermal draft technology.

It is observed that the maximum temperatures reached are 49.4°C (Figure 5)
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and 48.9°C (Figure 6) between 3:00 PM and 3:45 PM. This might lead one to be-
lieve that this is the time interval during which the chimney receives the most
solar flux. However, this is not exactly the case. It is because during this period,
the heat output from both the East and West absorbers is at its maximum. In-
deed, each face of the chimney has its peak received flux, with that of the East
face occurring around 10:00 AM to 11:30 AM depending on the time of year,
and that of the West face observed around 2 PM to 3:45 PM, also depending on
the month of the year. However, before noon, there is not observed a peak in
fluid temperature of the same magnitude as in the afternoon, because the heat
emitted by the East absorber is used to heat the fluid and the West absorber,
which does not receive solar radiation during this period.

Figures 7-9 depict the evolution of the difference: outlet temperature—inlet
temperature of the chimney. It reaches a maximum of 17.2°C and 12.6°C. This
evolution presents four (04) phases reflecting the chimney’s operation through-
out the day. Phase 1: It is a rising phase that is limited to around 10:30 AM -
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Figure 5. Variation of temperatures at the entrance and exit of the chimney 1* test.
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11:30 AM. It corresponds to the period of fluid (air) warming by the East absor-
ber: the chimney effect increases. Phase 2: It is descending, forming a convex in-
flection. It ranges from 11:30 AM to 1:00 PM. This period coincides with the
sun’s passage to a position where its rays tend to be parallel to the vertical on the
horizontal plane. As a result, neither the East nor West thermal sensors receive
them fully. This leads to their cooling and consequently the decrease in the tem-
perature of the flowing fluid: the chimney effect decreases. Phase 3: An ascend-
ing phase admitting a concave inflection, indicating the next decreasing phase. It
generally covers the period from 1:00 PM to 4:00 PM at the maximum, depend-
ing on the month of the year. It clearly indicates that the difference in tempera-
ture at the outlet—temperature at the inlet of the chimney increases. This means
that the East and West absorbers release the maximum calories to the flowing
fluid: the chimney effect is predominant. Phase 4: It corresponds to a period
when solar radiation diminishes. Thus, the thermal sensors cool down, and the
temperature of the fluid at the outlet decreases. As a result, the difference be-
tween the chimney outlet temperature and the inlet temperature decreases. This

indicates that the effect of thermal draft decreases.

3.2. Influence of the External Ambience

Through Figurel0, it is observed that the maximum temperature at the outlet is
46.5°C at 2:36 PM. Meanwhile, the ambient temperature is 38°C at 2:34 PM, and
the illumination is 930W/m? at 11:54 AM. Similarly, for Figure 11, the maxi-
mum radiation of 893W/m? is reached at 12:02 PM, the maximum outlet tem-
perature of 45°C is obtained at 3:22 PM, with an ambient temperature of 37.3°C
at 3:18 PM. From this analysis, it is clear that the effect of the external environ-
ment on the fluid temperature is predominant. The fluid temperature at the
chimney outlet increases with the external ambient temperature. However, the

opposite is observed with the solar radiation received on a horizontal plane. This

i Outlet chimney — Temp Ambient Inlet Chimney RG

7 L 950
s - 850
43 S LTV (N YT | ~
941 H - 750 g
o T my RS
37 T A5, T sso E
837 - o
2 35 y 450 B
E oam
ﬁa?’ L 350 -r?s
31 W 250 <
29 |f 150
| —
27 L 50
el olololNolNolololNolNolNolNolNolNolNololole)
0 <t OMN AN NOOS O +d O N MmO N
So9oSonunuasononunoas o0
O OO0 ddd AN NOOTOO I TN W O O N
L T e B B o B e R e O B o B o AR o TR o O o O o B e O o R B o |
Time (h)

Figure 10. Effect of the external environment on the temperatures at the inlet and outlet
of the chimney 1* test.
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Figure 12. Variation in air speed at the chimney outlet 1** test.

is because the transmission of the received flux to the surface of the glass, then to

the absorber, and from the absorber to the air creates a time lag.

3.3. Thermal Draft: Air Speed at the Chimney Outlet

The thermal draft of air is characterized by the velocity at the chimney outlet
and is represented in Figures 12-15. The maximum air velocity is 0.8 m/s, at-
tained between 2:00 PM and 3:30 PM (Figure 14 and Figure 15). [30] obtained
experimentally under similar climatic conditions (hot and dry) a slightly lower
value (0.7 m/s) but with a chimney of dimensions 2 x 2 x 0.05 m* and inclined at
an angle of 60°. For all measurements taken, the average velocities have consis-
tently been greater than or equal to 0.46 m/s. This is more than sufficient to en-
sure air renewal in the storage chamber, which required a minimum velocity of
0.062 m/s for adequate renewal.

We see a slight growth with a peak (0.67m/s for Figure 14 0.64 m/s for Figure 12
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and Figure 15), between 10:30 a.m. to 11:30 a.m. and a second peak (0.7 m/s in
Figure 10, 0.8 m/s for Figure 14 and Figure 15) greatest between 2:30 p.m. and
3:30 p.m. This is due to the effect of the two active East - West faces of the
chimney. Otherwise we should observe a single peak in the interval around 10:30

a.m. and 11:30 a.m., given the chimney is vertical.

3.4. Validation of Results

We aim to compare our experimental results with those reported in the litera-
ture for validation purposes.

We remind that the solar chimney is 3 m long, 2 m high, and has a duct of 0.5
m. The experiments conducted here on the vertical chimney have shown that the
maximum air temperatures at the thermosiphon outlet range from 48.9°C Fig-
ure 5) to 49.4°C (Figure 6).

However, with an inclined solar chimney of 45° and dimensions of 1 x 1 x
0.18 (length x width x dynamic vein) [28], the experimental temperature of the
air at the outlet was found to be 55°C. The noted difference between their result
and ours is certainly due to the inclination of their chimney, which allows for
maximum solar radiation capture. Additionally, their chimney’s duct is smaller,
resulting in less air volume to heat.

Meanwhile, [16] found that the air temperature at the outlet of a vertical
chimney is 60°C near the hot wall and 40°C near the cold wall, averaging ap-
proximately 50°C at the center of the channel for H = 23.1 MJ/m? and Tum =
28.9°C. Thus, on average, this result is consistent with our experiment.

Another principal performance parameter of the thermosiphon is the air ve-
locity at its outlet or the volumetric or mass flow rate. Experimentally, we found
a maximum air velocity of 0.8 m/s (Figure 15). While [30] obtained experimen-
tally under similar climatic conditions (hot and dry) a slightly lower value (0.7
m/s) but with a chimney of dimensions 2 x 2 x 0.05 m® and inclined at an angle of
60°. [20] obtained a similar result (a maximum air flow rate of 374 m*/h, equiva-
lent to 0.69 m/s when solar flux is 604 W/m?) with a vertical chimney measuring
4.5 m in height, 1 m in width, and 0.15 m in diameter with a black-painted con-
crete absorber. These results are close to those of our work even though the di-
mensions and models are not exactly the same.

Theoretically, authors such as [39] observed a maximum velocity of 0.7 m/s at
the outlet when both hot walls are at 60°C, for a vertical solar chimney with a
height of 1.5 m and an air duct of 0.2 m.

Similarly, with a solar chimney having a 0.23 m air duct, 6.5 m in height, and
1.64 m in length, [19] obtained 0.8 m/s, corresponding to a volume flow rate of
0.161 m*/s in the 0.2 m duct and 0.43 m/s, corresponding to a flow rate of 0.238
m®/s in the 0.55 m duct for a flux of 300 W/m?

For a vertical solar chimney with a height of 2 m and a 0.05 m gap at a hot
wall temperature of 45°C, [40] obtained 0.5 m/s and 35°C, respectively, for the

air velocity and temperature at the chimney outlet.

DOI: 10.4236/sgre.2024.154007

118 Smart Grid and Renewable Energy


https://doi.org/10.4236/sgre.2024.154007

B. Ouedraogo et al.

All these results are in agreement with the experimental values found in this
study. The significant difference observed between the values (0.8 m/s and
49.4°C) and those of [40] (0.5 m/s and 35°C) is simply due to the low tempera-
ture (45°C) of the hot walls of their chimney.

4. Conclusions and Perspectives

At the end of this study evaluating the thermal draft performance of a solar
chimney, it is clear that the solar chimney assumes the natural ventilation of the
storage chamber. This is evidenced by the results:

e The maximum temperatures reached are 49.4°C and 48.9°C between 3:00 PM
and 3:45 PM. The average temperature at the chimney outlet is 43.7°C.

e The evolution of the temperature of the air heated by the chimney can be di-
vided into four distinct phases, reflecting the operation of the chimney over a
full day. These phases are as follows: two increasing temperature phases oc-
cur from the morning until 11:30 AM and from 1:00 PM to 4:00 PM, with
variations depending on the month of the year; and two decreasing tempera-
ture phases occur between 11:30 AM and 1:00 PM, as well as after 4:00 PM.

e The temperature difference between the chimney outlet and inlet reaches a
maximum of 17°C with an average of 12.6°C.

e For draft, the maximum air velocity is 0.8 m/s, obtained between 2:00 PM
and 3:30 PM.

o The average velocities have always been greater than or equal to 0.46 m/s.
This is more than sufficient to ensure air renewal in the storage chamber,
which requires at least a velocity of 0.062 m/s for renewal.

However, these performances could improve if the chimney outlet were re-
done by narrowing the outlet section to optimize the flow at this level. In this
way, the hood could only be adjusted to this outlet and avoid the effect of its
shading on the chimney and promote flow at the outlet.

Considering the chimney outlet temperature does not exceed 50°C, the chim-
ney could be tested for versatile use in drying edible leaves such as moringa,
Rumex, L’ Hibiscus sabdariffa (oseille), Adansonia digitata (baobab), etc. Indeed,
the chimney studied in this work is intended for ventilating a chamber for stor-
ing onion bulbs, and storage is not continuous throughout the year. Therefore,

the chimney could be used for other purposes during non-storage periods.
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