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This study introduces a mathematical model and experimental evaluation of solar air heating utilising an
absorber surface constructed from low-cost upcycled materials. The research presents a solar air heater proto-
type, suitable for applications such as space heating and agricultural drying. The solar heating system was
modelled using upcycled beverage aluminium cans, considering both single and multi-pass flow configurations.
Performance in terms of useful heat was determined through both mathematical model simulations and exper-
imental methods. The multi-pass system demonstrated superior performance, delivering increased usable heat at
elevated temperatures compared to the single-pass system. A comparative analysis and validation were con-
ducted between numerical investigations with natural and forced convection on the five-pass solar air heater and
experimental test outcomes. This research highlights the potential of utilising waste materials to develop cost-
effective, solar heating solutions, contributing to energy management and waste reduction strategies. The
findings can be explored for future explorations into sustainable and renewable energy solutions, particularly
beneficial in regions with constrained economic resources.

1. Introduction

The use of fossil fuels and their effect on climate are well-recognised
[32,1]. Coupled with the increased pressure from population, economic
and industrial growth, researchers are seeking more effective means of
harvesting solar energy [18]. Solar energy remains one of the most
attractive energy sources as it is clean, free, predictable, and abundantly
available [24]. A solar air heating system is one of the few highly effi-
cient methods for converting solar energy to thermal energy, as reported
by Bhatt and Yadav [9,42]. The design of solar air heaters significantly
influences their performance. According to literatures [3;8], solar air
heaters can be classified into passive, hybrid, or active types. The main
characteristic that differentiates solar air heaters is the air ducts, which
may either inhibit or enhance heat transfer and turbulence rate [38].
Solar air heating with non-restrictive material is considered to have low
thermal efficiency due to ineffective heat transfer between the absorber
plate and the air duct [12,3]. Hassan et al. [22] presented the tubular
solar air heater, where adjacent tubes were used to achieve an efficiency
of 83.6 % at an air mass flow rate of 0.075 kg/s. This performance
represented a 10-15 % efficiency increase compared to the existing solar
air heater at the time of the study. Potgieter et al. [33] presented a solar
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air heater with an energy conversion rate between 23 % and 83 % at an
air mass flow rate of 0.00321 kg/s. Another approach involves using
phase change material for heat storage, which mainly enhances night
usage [29,36,25]. Other techniques employ artificial roughness
[19;20;34], porous/packed bed [39,35] to increase the heat delivery of
the solar air heaters. However, the major drawbacks of the current solar
air heaters are their intricate design and the cost of setup.

In this study, we focus on investigating the cost and performance of
developing a simple solar air heater using waste aluminium cans. While
there are existing publications on solar air heaters using beverage cans
[28,30,14], this study contributes to the field by providing a compre-
hensive mathematical and performance analysis that is validated with
experimental tests. This research not only fills a gap in the current
literature but also offers a model that can be utilised for future in-
vestigations. In this setup, the solar air heater is developed using
upcycled Pepsi cans and medium-density fibreboard (or wood) to hold
the cans together. The aluminium beverage cans serve as both the
absorber plate and the air duct, with the lids and bases removed and
arranged as the duct for the air pathway. Murali et al. [30] studied the
air inlet and outlet temperature difference and heat transfer coefficient
using aluminium cans with aluminium scraps and pebble stones. The
study revealed that the outlet temperature was 1.5 K higher than the
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Nomenclature

A the contact area for each fluid side (m?) (with Al and A2
expressing either surface)

f fanning friction factor

h individual heat transfer coefficient (W/m2K)

hy, heat transfer coefficient due to wind flowing over the glass

cover (W/mzK)

h convective heat transfer coefficient (W/m?K)
h radiative heat transfer coefficient (W/m2K)

1 Solar radiation intensity (W/m?)

Lb distance between glass cover and absorber plate (m)
m mass flow rate of air (kg/s)

Nu Nusselt number

q Heat transfer per unit area (W/m?)

Pr Prandtl’s number

Ra Rayleigh number

Re Reynolds number

T temperature (K)

Va is the mean air velocity (m/s)

Vw Velocity of wind (m/s)

8) heat loss coefficients (W/m?K)

AX the wall thickness (m)

Greek letters

y Absorptivity

5 Emissivity

u is the dynamic viscosity

y Thermal conductivity (W/(m-K))

Vair Kinematic viscosity (m?/s)

p is the density of air

T transmissivity

Dair Thermal diffusivity (m?/s)

X Thickness of the aluminium can (m)

Sub-scripts

a Energy flow between topside (c) to bottom-side (e) of
aluminium Can

am ambient air

b Energy flow between glass cover (g) and Aluminium Can

topside (c)

aluminium can (top side)

Energy flow between glass cover (g) and ambient air (am)
aluminium can (bottom side)

glass cover

insulation (medium-density fibreboard)

wind flow

s ™0 o a0

ambient temperature after sunset when used with a solar storage ma-
terial. Mgbemene et al. [28] presented experimental results of using
aluminium cans. With an average irradiance of 800 W/m? and an
ambient temperature of 30 °C, outlet temperatures of 80 °C and 128 °C
for a single-pass and four-pass air heater respectively were achieved, but
no validation was presented for the study. This study seeks to address
this by investigating the performance of both single and multi-pass solar
air heaters using mathematical simulation, and validating these simu-
lations with experimental results.
The purpose of this study is to;

a) Develop a mathematical model of a beverage aluminium solar air
heater.

b) Compare the mathematical model with experimental results.

c) Investigate the performance of single-pass and multi-pass solar air
heater configurations.

2. Materials and methods
2.1. Design configuration

Mgbemene et al. [28] used aluminium drink cans as a solar absorber
to illustrate, using experimental results, that an outlet temperature of
80 °C and 128 °C was possible for a single-pass and four-pass air heater,
respectively. The mass flow rate for the four-pass air heater was less than
that of the single-pass air heater, although the air temperature of the
four-pass air heater was higher. The solar irradiance at the point of
reading and the generated heat energy were not stated The solar
absorber cans had their outside surface painted with matte black
chalkboard paint to improve solar gain for the exposed surfaces only.
The aperture of the cans was increased to allow free air flow between
each can stack in the array. The absorber tubes were contained in a wood
frame configured to channel and guide the flow of air through the array
and a Perspex cover to reduce energy loss by convection, as shown in
Fig. 1 and Fig. 2. The design specification and measurements for the
setup are presented in Fig. 3.

Table 1 consists of the material used for the setup, and the total cost
was estimated to be $63.86 using pricing from eBay at the time the
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Fig. 1. Air pass configuration (a) Single-pass air heater (b) five-pass air heater.
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experiment was conducted. The blower fan employed for the experiment
is a used laptop CPU fan and can be found on eBay for as low as $2.

2.2. Laboratory construction

The solar air heater is based on black-body radiation concepts that
follow Stefan and Plank’s laws. The aluminium cans are gathered, and
the lids of the aluminium containers are perforated on both sides to
allow air movement (Fig. 4). Medium-density fibreboard was used to
construct the frame and the beverage containers were coated black and
stacked in rows (see Fig. 5). The purpose of the black body is to absorb
more thermal energy from the sun and raise the air temperature flowing
through the aluminium cans through radiation, conduction, and con-
vection. The single-pass air heater would have only one inlet manifold
and one exit manifold (Fig. 1a). The multi-pass air heater, on the other
hand, would have baffles at each end that would reverse the airflow
direction depending on the required air pass (Fig. 1b and Fig. 2). In the
final arrangement, the air heater is equipped with an angle adjuster in
order to tilt the system at a different angle for maximum solar exposure
(Fig. 6).
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Fig. 2. (a) Ten-pass air heater configuration (b) Exploded view of system frame and aluminium cans arrangement.

2.3. Instrumentation and calibration

For this experiment, artificial solar lamps were utilised as the pri-
mary source of illumination. These lamps were capable of generating
maximum irradiance of 750 W/m?. The choice to use solar lamps was
primarily due to their controllability, which proved advantageous for
the execution of the experiment. Additionally, the period of experi-
mentation was characterised by low solar irradiance, further necessi-
tating the use of artificial lighting.

The data for the experiment was logged using a Squirrel SQ2040-
2F16 data logger. This device was equipped with a K-type thermo-
couple, which has an error margin of 4+ 2.2 °C or 0.75 % (whichever is
larger). This ensured that the data collected was both accurate and
reliable.

Prior to the commencement of the experiment, all instruments were
calibrated to ensure their precision and accuracy. The calibration pro-
cess was thorough, minimising any potential errors or discrepancies in
the data collected.

It is important to note that all experimental procedures were carried
out with strict adherence to safety protocols and guidelines. This
ensured not only the integrity of the data but also the safety of all
personnel involved in the experiment.

3. Mathematical modelling

Fig. 7 shows a schematic configuration of the solar absorber collector
and the aluminium cans arrangement below the glass cover, with labels.

The model formulation applies the conditions given by Duffie and
Beckman [17]. The following assumptions considered to simplify the
model are highlighted below;

o Steady-state operation
e No air leakage or the edge losses from the system
o The temperature drop across the glass cover is considered negligible

e The air temperature varies only across the fluid flow direction.

The schematic diagram is examined section by section (see Figs. 8, 9,
10 and 11).

3.1. Energy balance equations
Given below is the general energy flow between the surfaces.

g=2 &Y

Where q is the rate of heat transfer per unit area.

3.1.1. Glass cover

Tey,+q.+q.=qv+qu (2)

Loy, +hy(T.—T,) +hy(T. — Tp) = (hy +ha) ® (Ty — Tan)

Where y, represent the absorptivity of the glass cover (Perspex), hy, is
the heat transfer coefficient due to wind flowing over the glass cover, hy
is the heat transfer coefficient between the ambient and glass cover. h,
and hj are radiative and convective heat transfer coefficients on the glass

cover (Perspex).

3.1.2. Aluminium can (Topside)

I‘Tg.yc:qc""qc""qa""qu (3)

Tet ey, =y (T. —T) +hy(T. — T,) + ha(T. = Ty) +ho(T. — T.),

Where 7, and y, denote the transmissivity of the Perspex and ab-

sorptivity of the aluminium can, respectively. h, and h, are the
convective and radiative heat transfer coefficient of the aluminium can.

3.1.3. Aluminium can (Bottom Side)
qe+do=qi+4, 4)

Je _ .
ST~ T.) +h(T. ~T.) = h,(T. — T)) + U(T. ~ T))

Xe

Where A, and x. denote the thermal conductivity (W/(m-K)) and
thickness (m) of the aluminium can. U, is the heat loss coefficients of the

Medium-density fibreboard (MDF) and Ha is the convective heat transfer
coefficient coming from the bottom side of the aluminium can.

3.1.4. Air
For a single aluminium airflow

a+ 4, = 2(mc, [Aa)(Ty — T1) (5)

ha(T. = 1)) +h, (T = Ty) = 2(ic, /Au) (T — T1),
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Fig. 3. (a) Aluminium Can Model (b) Dimension of MDF (wood) frame.
3.2. Determination of heat transfer coefficients The energy flow from aluminium Can to the glass cover

3.2.1. Radiation heat transfer coefficients Ty = w @)
The heat transfer coefficients can be calculated using Watmuff et al. L4 (% _ 1)

[43] and Duffie and Beckman [17] energy flow equations. AN
The energy flow from glass cover to ambient air

(T, +T1,)
(Tg + Tum)

The energy flow from aluminium Can top to bottom

hy = o€y(Ty + T,)(T2 + T7) (6)
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Table 1
Material cost (Some materials were purchased from eBay).
Material Cost ($)
Medium-density fibreboard (MDF) (600 x 600 mm) 25.86
Perspex (670.9 x 454.0 mm) 25
Wood screws 2
Black paint 2
Aluminium Cans Nil
Air Blower 2
Battery 2
Battery case and wiring 5
Total 63.86
— o(T*+T*)(T.+T,
o T4 T,) ®
1, A1
wta (a - 1)
Energy flow due to wind flowing over the glass cover
h, =2.843.0V, 9

Where V,, (m/s) is the wind velocity of the ambient air.

3.2.2. Convection heat transfer coefficients

e Heat transfer between the glass cover and aluminium cans.

Thermal Science and Engineering Progress 47 (2024) 102322

The conductive heat transfer coefficient can be calculated using

. Aair
By = Nuy @ 22
b e L,

103

Where A is the thermal conductivity of air, Lb is the space between
the glass absorber and the Nu, is the Nusselt number for the air present
in Lb. According to Duffie and Beckman [17], the Nusselt number can be
calculated as given below;

Nu=1+144]1

Racosp

1708 1+ [ /Racosp\'® 1"
o|1- + —1
Racosp 5830
Where g is the tilt angle, + exponent denotes that only positive
values in the square brackets is applicable (i.e., square bracket value is

zero when the term is negative), and Ra is the Rayleigh number which
can be expressed with the equation below. [17],

B 1708(sin1.8ﬁ)1'6}

(1)

_goﬂoAT.L3

Vaire P iy

Ra 12)

Where g is the gravitational constant, 4 is the volumetric coefficient
of expansion, which is given as;

Fig. 5. Solar air heater assembly.
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Fig. 7. Schematic diagram side and end view.
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Fig. 8. Glass cover Energy flow.

L Tg ' Ye Gc= f_lb(TC — Tg) qc= hb(Tc - Tg)

. . ]
f f

qa=ho(Tc=Tp) Go=h(T.—=T.)

Fig. 9. Energy flow through the topside of the aluminium can.

_ % and T — (T, + T,)/2 13) o For the convective heat transfer within the aluminium can.
a ! /Iair
var is the kinematic viscosity of air which is also given as y/p and ¢, ha = h, = Nu, o Dy a4

is the th 1 diffusivity of air which is also gi s A/pcp.
s the therma sivity of air which s also given as 4/pc, Where Dh is the hydraulic diameter and is equal to the diameter of

the aluminium can [17].
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qa= h:z(Te - Tf)

NG

qi e(Te - Ti)

Fig. 10. Energy flow through the

qa = ha(Tc -

o= Ea(Tc - Te)
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Fig. 11. Air flow through

Given below is the Laminal flow in a smooth duct and the local
Nusselt numbers as presented by Heaton et al. [23]

i(Re e PreD,/L)"
1+j(ReePreD,/L)"

Nu, = Nuy, + 15)
Where Re is the Reynolds, Pr is the Prandtl number and is given as
0.7 according to Cengel et al. [11].
Using the table given by Duffie and Beckman [17], the expression is
calculated as given below

0.00398(0.7 ® Re @ D;,/L;)"%
1+0.00114(0.7 @ Re @ D, /L;)""

Nu, (16)

For turbulent flow in a smooth duct, the expression given by Dittus
and Boelter [16] was used to determine the Nusselt number.

Nu, = 0.00158Re"* 17
The equation below is used to calculate for Reynolds number (Re)
VCIDI
Re = ’% 18)

Where Va is the mean air velocity, p is the density of air, Dh is the
diameter of the aluminium can, p is the dynamic viscosity.

For air temperature T (K) in the range of 280 — 470 K, Lin et al. [26]
formulated an estimate for the density (p), thermal conductivity (1) and
dynamic viscosity () of air below.

p = 3.9147 — 0.016082T +2.9013 x 10°T* — 1.9407 x 107°7° (19)
2 = (0.0015215 + 0.097459T — 3.3322 x 107°T%) x 1072, (20)
u = (1.6157 +0.06523T — 3.0297 x 107°T%) x 1079, (21)

Lin et al. [26] noted that when using the expression above, c, should
be assumed to be 1000 J/kg K.

3.3. Thermal and Thermohydraulic efficiency

3.3.1.1 Thermal Efficiency

Ny = Qc/lAg (22)

the aluminium cans.

Where Q. is the useful heat gain and can be calculated from the
below expression.

Q. = nic,(T, — T;) = 2mc,(T, — T;) (23)

3.3.1.2 Thermohydraulic Efficiency.

Thermohydraulic efficiency, also known as the effective efficiency, is
used to analyse the economic performance of the solar air heater by
identifying how much energy is needed for the system to work.

Qc - (Pm/c)

1A, 24)

77eff =

Where C is the conversion factor, which is the product of the effi-
ciencies of the fan, electric motor, transmission, and thermoelectric
conversion. The value of 0.07 will be used as recommended by Kumar
and Chand [25]. P, is the mechanical power needed to drive the air

through the aluminium cans and it is given below
P, = nieAP/p (25)

Where AP is the pressure drop across the airflow duct and is calcu-
lated by the given expression

4fpL,V?

AP
2D,

(26)
Where f is the fanning friction factor, and according to Gupta and
Kaushik [21], the expression

= Ili_i (for laminar flow), (27)

f = 0.079Re™*% (for turbulence flow), (28)

3.4. Mathematical Model Implementation in MATLAB

The equations were developed in the MATLAB workspace to evaluate
the heat coefficients. Egs. (2)—(5) can be solved simultaneously, but Egs.
(6)-(21) are dependent on each other and difficult to solve. Therefore,
the Gauss-Seidel method, also known as the method of successive
displacement, was adopted to solve these equations. Using random
approximation, the iteration process selects values for the unknowns to
obtain new sets of values. The process is repeated until the percentage
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error of the present value and the last calculated value is less than + 0.5
%. The solution process is shown in Fig. 12 and the design parameters
for the analysis are listed in Table 2.

Step 1: Assume initial values for Tg, Tc, Te and Tf.

Step 2: Compute the properties of air in equations 3.19-3.21 using
these values.

Step 3: Compute the various heat transfer coefficients using Egs. (6)-
(18).

Step 4: Input the calculated heat transfer coefficients into Egs. (2)-
(5) and solve simultaneously to obtain new values of Tg, Tc, Te, and Tf.

Step 5: Check the absolute difference between the newly obtained
values and previous values to see if the solution has converged with an
error of less than + 0.5 %.

Step 6: If the solution has not converged, repeat the iteration from
step 2 above using the newly obtained values. The iteration step is
repeated until the solution converges with a + 0.5 % error.

4. Results

This section presents both the simulation and experimental results,

Assume values of Ty, T, T, Tt

Y

Compute value of
thermophysical properties of
air

Y

Calculate various heat transfer
coefficient

!

Set the operating conditions

¢ No

Applying Gauss-Seidel
iteration

v

Compute new values of Tg, T,
Te: Tf

Y

Solution converged?

Yes

A

Solution output

Fig. 12. Flow Chart of algorithm.
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Table 2

Design and operating parameters of the solar air heater used for the analysis.
Parameters Units Value
Length of each aluminium can Lj m 0.11504
The diameter of each aluminium can is Dy, m 0.06589
Spacing between the glass cover and aluminium can m 0.040
Thermal conductivity of the Aluminium can 4,_c [19] W/mK 205
Heat loss coefficient of MDF U, W/m2K 0.02
Absorptivity of the aluminium can 0.96
Absorptivity of the glass cover (Perspex) 0.10
Transmissivity of the glass cover (Perspex) 0.88
The emissivity of the aluminium can 0.95
The emissivity of the glass cover (Perspex) 0.90
The tilt angle of the collector ° 0
Ambient temperature K 294
Inlet temperature K 288
Solar Insolation W/m? 750
Specific heat capacity of air ¢, J/kgK 1000
Heat loss coefficient of MDF W/m?K 50
Stephan-Boltzmann constant W/m?K* 5.67 x 10

and discusses the performance of the solar air heater for different con-
figurations. The three main aspects considered were output air tem-
perature, mass flow rate, and thermal efficiency for the three design
configurations. These parameters aided in determining the optimum
design and configuration for the solar air heater.

4.1. Simulation results

The increase in the number of aluminium cans increases the output
air temperature, as shown in Fig. 14(a). However, the thermal efficiency
decreases. The output temperature line versus quantity of aluminium
graph is almost linear, while the thermal efficiency continues to
decrease as the number of cans and flow path increases. Fig. 14(a)
graphs alone do not seem to theoretically relate to each other, because
the output temperature line graph should not be partially linear while
the thermal efficiency graph remains nonlinear, as observed by Alvarez
etal. [5,28] and [25]. However, the result can be explained by the graph
of mass flow rate versus heat transfer coefficient in Fig. 14(b). The
convection heat transfer coefficient through the 40 cans increases with
the increase in the mass flow rate, which is attributed to the high flow
velocity through the aluminium cans.

Additionally, considering the air temperature rise across each
aluminium can (20, 30, 39, 45, 49 °C) and the air temperature of each
can (10, 9, 6, 4 °C), as seen in Fig. 13, the air temperature drops non-
linearly, while the solar aluminium cans absorption area increases lin-
early. Therefore, the heat loss is increased at elevated temperatures, and
the rate of heat gain is decreased.

Fig. 15(a) shows that thermal efficiency increases with mass flow
rate. However, outlet air temperature decreases with mass flow rate, as
shown in Fig. 15(b). This is because the non-prohibitive airflow does not
provide sufficient fluid mixing, which causes a drop in thermal effi-
ciency. The ten-pass configuration system shows an improved air output
temperature, which delivers better thermal heat.

4.2. Experimental results

Artificial solar lamps were used to generate solar light because the
study was conducted during the winter season, when the solar intensity
is lower than in other seasons. The lamps were also used to ensure a con-
sistent and controllable solar intensity throughout the study. The lamps
generated an average of 750 W/m?2, which is a similar solar intensity to
that found in the summer season.

4.2.1. Thermal Infrared Imagery
The Fig. 16 is thermal imaging employed to detect regions of
concentrated thermal heat within the system. There is a substantial heat
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Fig. 15. (a) Thermal Efficiency against mass flowrate (b) Output temperature against mass flowrate.

4.2.2. Natural convection

Using natural convection with solar irradiance of 750 W/m?,
different configurations were analysed. The ten-pass configuration
(Fig. 19) delivers the highest heat gain among the three configurations,

loss around the system which will decrease the efficiency, resulting in a
reduction of the usable heat delivered at the outlet. Future study can
consider insulating the device because poor insulation can cause rapid
heat loss to the surroundings during low solar intensity [6].
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Fig. 16. Thermal Infrared Imagery while in operation; (a) Side view (b) Back view.

followed closely by the five-pass system (Fig. 18), which slightly out-
performs the single-pass system (Fig. 17). At first glance, the ten-pass
configuration may appear to be the most straightforward choice. How-
ever, a simulation analysis of the pressure loss in both multi-pass sys-
tems (Fig. 21) indicates that to increase airflow rate within the ten-pass
configuration, it would necessitate a motor with a higher horsepower
which does not correspond to a significant gain in useful heat. This
factor is crucial to consider when evaluating the overall efficiency and
feasibility of each configuration.

Table 3 shows the summary of the experimental results. While an
increase in the number of passes leads to arise in the outlet temperature,
it’'s important to note that this increase in passes does not directly
translate to a proportional increase in heat gain. This suggest that the
number of air passes, mass flow rate and useful heat gain are all
important factors that affect the performance of solar air heater systems.

4.2.3. Forced convection

A forced convective system was achieved using a PV-powered in-
duction fan to increase the mass flow rate. The Fig. 20 illustrates that an
increase in the mass flow rate leads to a decrease in air temperature. This
is because the higher the mass flow rate, the lower the heat removing
capacity. Following the pressure loss analysis for the multi-pass con-
figurations in Fig. 21, it was observed that the pressure loss in the ten-
pass configuration was significantly high (approximately double that

Temperature (K)
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= Air temp. between glass cover and soda cans ~ ====Ambient Temperature
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Fig. 17. Single-pass solar air heater.
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Fig. 18. Five-pass natural convective solar air heater.
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Fig. 19. Ten-pass natural convective solar air heater.

of the five-pass configuration) with minimal observed benefits in air
temperature. In addition, this increased pressure loss increases the en-
ergy required to maintain airflow, necessitating a higher cost horse-
power air blower which contradicts the research objective of developing
a low-cost solution.
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Table 3
Values of natural convective solar air heater.
Configuration = Maximum air Time to attain Mass Heat
temperature at maximum flowrate gain
the outlet (K) temperature (kg/s) J/s)
(minutes)
Single-pass 333.20 54 0.00038 14.83
(60.20 °C)
Five-pass 359.23 146 0.00045 29.28
(86.23 °C)
Ten-pass 363.63 150 0.00047 32.65
(90.63 °C)
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Fig. 20. Variation of air temperature rise against the mass flowrate for five-
pass air heater.

25

Pressure loss (N/m2)
&
\
|
|
J
i\
i
i
i
i
i
]

T 251
" -
— ~ 20
1 ///
— 150
—— Ten-Pass Pressure loss
05 Five-Pass Pressure loss 100
——— Ten-pass air temperature L s0
~—— Five-Pass air temperature
0 0
0.001 0.002 0.003 0.004 0.005 0.006

Mass flow rate (kg/s)

Fig. 21. Simulation of mass flow rate against pressure and air temperature.
4.4. Cost and implication

The modelled solar air heater was compared with other low-cost
solar air heaters reported in recent literature (Table 4). The cost of
production and the output temperature were compared. The developed
model’s production cost is in the range of the cheap models in the
literature, owing primarily to the use of free beverage aluminium cans.
Likewise, the outlet temperature of the system was also high than others
(Table 4). The current model of the solar air heater has already been
used for agricultural drying purposes like fish drying (data not included
in this study). Other purposes can include home heating, slow cooking,
etc. The system can be scaled up depending on the use. For instance, the
output temperature can be increased if insulated materials are used to
minimise heat loss from the MDF at observed in Fig. 16. The number of
the aluminium cans can also be increased.

Apart from the low cost, which can be a benefit to low-income re-
gions, another implication of creating this type of system is the benefit of
utilising waste aluminium beverage cans. Waste beverage soda cans are
a major environmental problem in low-income countries [40,13]. The
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Table 4

Low-cost solar heater in literature.
Low-cost solar air heater Reference  Output temperature (K)  Cost ($)
Current air heater NA 359.23 (86.23 °C) 63.86
Hybrid solar air heater [27] No data 67.25
Helical tubes, solar air heater [37] 325.65 (52.5 °C) 67.00
Hybrid Model-1 [4] 345.35 (72.2°C) 59.50
Hybrid Model-2 [4] 347.05 (73.9 °C) 57.50
Hybrid Model-3 [4] 344.95 (71.8 °C) 57.00

environmental impact in these regions is currently a major topic of
discussion [31,2,10], and ways to address it are currently being devel-
oped [7,15,2]. Overall, the use of waste aluminium beverage cans in this
solar air heater system is a win—-win for both the environment and low-
income communities. It will provide a low-cost way for heating while
reducing pollution and conserving resources.

5. Validation and limitation of simulation results

The study was validated by comparing the mathematical model and
experimental results. The results showed that the air temperature of
both the model and the experimental results decreased with the increase
in mass flow rate (Fig. 22(a)). However, the air temperature of the
experimental results decreased at a higher rate than the mathematical
model simulation results. In Fig. 22(b), the slope gradients of the two
results are slightly equal, but the air temperature of the mathematical
model simulation is higher than the experimental results.

The above observations can be attributed to the following factors:

o Air leakage and edge losses: The solar air heater was not tested in a
completely sealed environment. This means that there was some air
leakage, which would have reduced the efficiency of the system. In
addition, the aluminium cans contain a reduction in the cross-
sectional area which was not accounted for in the mathematical
model simulation. The mathematical model simulation also assumed
no air leakage and edge losses, so the results are higher than the
actual results.
Artificial solar lamps: The study used artificial solar lamps to
simulate the solar radiation. These lamps are known to radiate less
energy than direct solar sunlight. This would have reduced the
temperature of the air in the solar air heater, resulting in lower
experimental results [41].
Heat transfer coefficients: The mathematical model simulation
used heat transfer coefficients from the ambient wind flowing and
the sky temperature. These values were not available during the
laboratory experiment because the experiment was conducted in-
doors. This would have affected the accuracy of the mathematical
model simulation results.

e Heat loss at the baffle: The mathematical model simulation did not
include the heat loss occurring at the baffle on the solar air heater.
This would have affected the performance of the experimental
model, resulting in lower experimental results.

6. Conclusions

An analytical analysis was conducted using the Gauss-Seidel method,
with MATLAB employed for the mathematical simulation, to model the
thermal and fluid flow properties of a low-cost solar absorber system.
The system utilised upcycled aluminium beverage cans, serving dual
roles as both the solar absorber surface and the air duct. The study
explored different configurations, including single-pass and multi-pass
(that is, five and ten-pass) applications, and used parametric design
techniques to determine the optimal configuration for the solar air
heating application. The analytical study was validated through exper-
imental testing. Additionally, a comparative cost analysis was
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Fig. 22. (a) Air temperature against mass flow rate, (b) Air temperature against Irradiance.

performed by comparing the construction cost of this model with
existing solar air heaters documented in recent literature.

The ten-pass configuration was found to deliver the highest heat gain
among the configurations, followed closely by the five-pass system,
which slightly outperforms the single-pass system. However, the pres-
sure loss for a ten-pass configuration air heater is lower than that of the
five-pass configuration, indicating that a higher pass configuration does
not necessarily correspond to a significant gain in useful heat.

Other findings in the study are presented below:

o The air temperature rose and peaked at around 363.63 K (90.63 °C)
in 146 min for the ten-pass air heater configuration and delivered
29.28 kg/s, while the five-pass peaked at 359.23 K (86.23 °C) in 150
min and delivered 32.65 kg/s. The airflow was natural convective
using artificial solar lamps that generated an average of 750 W/m?
irradiance.

Heat up times for both multi-pass configurations were close; 146 min
(2hrs, 26 min) for the ten-pass air heater and 150 min (2hrs, 30 min)
for the five-pass air heater.

A solar air heater made from waste aluminium beverage cans would
provide an affordable heating solution for low-income regions. In
terms of cost and performance, the model presented in this study is
low cost compared to others in the literature while also capable of
delivering high heat.

Furthermore, the implementation of this system promotes the recy-
cling of aluminium cans, contributing to effective solid waste man-
agement. This study not only provides a viable solution for
harnessing solar energy but also addresses environmental concerns
by upcycling waste aluminium cans.

In summary, this research underscores the potential of repurposing
waste aluminium materials to create affordable and efficient solar
heating solutions, with far-reaching implications for both energy man-
agement and waste reduction. The findings of this study are expected to
provide valuable insights for future investigations in this field, partic-
ularly in the context of sustainable and renewable energy solutions.
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