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 This study presents an experimental comparison of a conventional single-glass, double-
pass flat plate (FP) solar air heater (SAH) and an enhanced model featuring a V-corrugated 
plate (VCP) with steel wool (SW) as a porous absorber. The VCP enlarges the area of 
effective heat transfer, and the SW serves as a turbulator and a secondary heat absorber, 
improving convective heat transfer and thermal retention. Both 2 m² collectors were tested 
simultaneously under the same climatic conditions in Mosul, Iraq, during winter, with a 
fixed airflow rate of 0.025 kg/s. Results demonstrate that the VCP-SW configuration 
significantly improves thermal performance. The enhanced SAH achieved a maximum 
monthly thermal efficiency of 67.07%, substantially higher than the 49.70% efficiency of 
the conventional FP model. Furthermore, the enhanced heater consistently produced higher 
outlet air temperatures across all testing dates, providing clear evidence that the proposed 
modifications effectively increase thermal efficiency and outlet air temperature. 
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1. INTRODUCTION 
 

The last few decades have witnessed a dramatic increase in 
greenhouse gas emissions, predominantly due to 
anthropogenic energy use. This is exemplified by global CO2 
emissions, which grew by roughly 64% from approximately 
20,511.1 Mt in 1990 to over 33,621 Mt in 2019 [1]. The need 
for creating renewable energy systems has grown as a result of 
the rising use of conventional fossil fuels, their limitations, 
price changes, and environmental issues. Cooling, 
desalination, heating, drying, and power generation are only a 
few of the connected uses for renewable energy [2-5]. Many 
technologies are available for use in power generation, 
including wind turbines, geothermal power plants, solar 
photovoltaic (PV) cells, thermal plants that use biofuels, and 
solar thermal systems. Moving beyond traditional fossil fuel-
based systems, renewable energy sources like geothermal and 
solar energy offer sustainable methods for heating and cooling. 
Among these, technologies such as solar collectors are 
prominent examples of renewable energy-based heating [6, 7]. 
Thermal energy can be used for a variety of applications. For 
household application, it can be used to heat water and air or 
as a thermal energy source in power plants. Weather and 
operating circumstances have a great impact on solar system 
performance. The use of solar air heaters (SAHs) with 
appropriate design and setup can be preferred in terms of cost 
and energy usage when compared to conventional heating 
systems, such as electric heaters [8-11]. In many investigations, 
SAHs have been examined as a clean technology for meeting 
space or drying needs for heat [12-14]. Exergy, energy, the 

coefficient of performance (COP), and the variables 
influencing these performance metrics have all been the 
subject of these investigations. The thermal performance of the 
trial SAH was examined by Mzad et al. [15]. By lowering the 
bottom and top of the system, they found that using the right 
materials for the components, such as the absorber, glass cover, 
and insulation, can increase system efficiency. A hybrid solar 
air heating system's performance was examined by Yu et al. 
[16] using an operation method. They discovered that the 
southern room was better heated by the passive solar heating 
approach, whereas the northern room was better heated by the 
active solar heating technique. When Kumar et al. [17] 
employed both bubble wrap and ceramic wool insulation in a 
V-corrugated absorber SAH, they discovered that the use of 
ceramic wool improved the system's efficiency. 

Seeking to achieve better energy use, there has been much 
study into changing the internal geometry of SAHs, especially 
by the addition of ribbed surfaces, to increase convective heat 
transfer. The effectiveness of rib-induced turbulence in 
improving system efficiency has been validated by both 
experimental studies and computational modeling [18-22]. 
According to Aharwal et al. [23], the use of combined wedge-
shaped ribs and grooves significantly enhances the 
performance of an SAH. The Nu was enhanced by 1.5–3 times 
and f by 2–3 times, resulting in a TPF ranging from 1.29 to 
2.16. In the experimental studies of Kumar [24, 25], applying 
concave dimple ribs to three sides of the absorber plate—
rather than a single side—resulted in a 44–67% increase in 
thermal efficiency relative to the conventional design. 

Ceramic wool has a lower thermal conductivity than bubble 
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wrap, which results in less heat loss from the system and a 
higher SAH efficiency when applied. A SAH was 
experimentally examined by Biçer et al. [26] under two 
different settings, including with and without copper wool on 
the absorber plate. The measurement showed that employing 
copper wool raised the fluid's temperature at the collector's 
outflow by about 8% to 14%, but it also caused a 40% increase 
in pressure loss. Pathak et al. [27] created dual purpose double-
pass solar collectors (DPSCs) with corrugated absorbers and 
studied energy and exergy analysis using various air and water 
mass flow rates (MFRs). They created three distinct varieties 
of collectors: Type 1 (DPSC flat absorber plate), Type 2 
(DPSC corrugated absorber plate), and Type 3 (DPSC 
corrugated absorber plate with straight fins). After conducting 
an experimental inquiry based on energy and exergy analysis, 
they came to the conclusion that the MFR of water and air 
increases as thermal efficiency increases and exergy efficiency 
decreases. Additionally, Type 3 DPSC was found to perform 
better than Types 1 and 2. A novel SAH with an absorber plate 
covered in copper wire mesh was constructed and produced by 
Devecioğlu et al. [28]. It was evaluated at two mass flow rates 
of 0.030 and 0.055 kg/s with collector tilt angles of 25° and 
35°. Using the first and second laws of thermodynamics, 
respectively, as well as thermo-hydraulic efficiency, they 
investigated energy and exergy analysis. The findings showed 
that ηI ranged from 34 to 82%, ηeff from 25 to 66%, and ηII 
from 3.70 to 9.65%.  

 In this landscape, we identified a gap in regard to the 
combined, strategic application of a low-cost, high-surface-
area corrugated geometry (V-corrugated plate (VCP)) with a 
low-cost and highly accessible porous turbulator/heat storage 
platform (steel wool (SW)), in the specific configuration 
within the lower air flow of a two-pass design. Though the 
addition of individual components (corrugations, porous 
media) has been explored, the combination of these 
components in this particular and cost-efficient, lightweight to 
manufacture geometry, where the objective is to maximize 
heat transfer while controlling pressure drop, is not well 
documented in SAHs, considering the Iraqi climate and 
operational limitations. Thus, this study's goal is to increase 
the effectiveness of traditional SAH with an FP by applying 
SAH with VCP and SW to the air channel's lower surface. The 
two models were analyzed under identical weather conditions 
and at the same airflow rate. All of the models were set up in 
Mosul, Iraq (36.34° latitude, 43.13° longitude, 223 m above 
sea level), with a 48° tilt angle with respect to the horizontal, 
pointing south (zero azimuth angle), and oriented south. Three 
test days on January 15, February 17, and March 20, 2025, 
were used to evaluate the performance of the two SAH models. 
Over the course of the three test days, information was 
collected on two models' solar radiation, glass, plate, air 
temperatures, power production, and thermal efficiency. 
 
 
2. METHODOLOGY 
 
2.1 Experimental setup 
 

The current research performed a comparative experimental 
investigation to evaluate the thermal performance of two 
distinct single-glass, double-pass SAH designs having a 
combined collector area of 2 m². The collective objective was 
to measure the difference in thermal efficiency improvement 
obtained by an advanced design over a baseline reference 

model under the same operating and environmental conditions. 
The investigation focused on two specific configurations: 
Conventional Model: A standard Flat Plate (FP) collector 

served as the baseline for performance comparison. 
Improved Model: An enhanced design incorporating a 

VCP with SW integrated as a porous, low-cost heat transfer 
enhancer. An essential design aspect was the positioning of 
this VCP-SW assembly only inside the lower air path of the 
heater. For comparing the two collectors fairly, every external 
dimension, glazing, and insulation characteristic was 
maintained the same for both collectors. 

The side-by-side tests were conducted in Mosul, Iraq, 
between winter months (January to March) to evaluate 
performance under actual seasonal conditions. Data was 
logged from 0800 to 1600 daily in order to capture the peak 
solar irradiation hours. Key to the experimental rigor was to 
ensure that throughout the trial period, a constant air mass flow 
rate of 0.025 kg/s was maintained for both heaters. Also, by 
simultaneous testing of the collectors, the study ensured that 
both the devices were subjected to the same transient weather 
conditions, i.e., solar irradiance and ambient temperature, thus 
isolating the material and geometric changes as the sole 
variables affecting the performance.  

 

 
(a) 

 
(b) 

 
Figure 1. (a) Visual representation of the experimental setup, 

and (b) dimensions of SAH for two models 
 
Figure 1(a) presents the pictorial view of the experimental 

setup of SAH, while Figure 1(b) shows a detailed schematic 
diagram illustrating the specific configuration of the absorber 
plate. The external structure of both models was constructed 
from 2 cm thick smooth compressed wood. Each collector was 
fitted with a single 4 mm thick glass cover and insulated with 
2 cm thick compressed cork. The absorber plate of both was 
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constructed from 1 mm thick aluminum alloy 1060-H16, but 
differed significantly in their surface areas. The traditional flat 
plate absorber had a surface area of 1.8 m², whereas the 
enhanced VCP with SW inserts had a larger effective area of 
2.54 m². Both collectors were south-facing at a zero azimuth 
angle when they were tested. 

To obtain maximum solar radiation absorption, the 
aluminum absorber plates of both collectors were painted 
uniformly with high-absorptivity black charcoal paint. The 
paint coating was applied and cured under controlled 
conditions in special thermal furnaces for durability and 
uniformity of optical properties. One of the distinguishing 
features of the enhanced collector was the strategic use of SW 
as the porous filler material. A precisely weighed quantity of 
0.2 kg of SW was charged into the lower airway, measuring 
1.8 m in length and 0.07 m in height. It was discovered that 
this quantity was sufficient to pack the cavity completely, 
hence offering maximum heat exchange surface area without 
causing too much restriction to flow. For a comprehensive 
overview of the system's geometry, a complete summary of 
the critical dimensions for both SAH models is provided in 
Table 1.  

 
Table 1. Dimensions of the solar air heater (SAH) models 

 
Items Symbol Dimensions 

Collectors slope angle 𝛽𝛽 48° 
Collector's orientation --- South 

Length of collector  L 2 m 
Width of collector W 1 m 

Collectors total surface area 𝐴𝐴𝑠𝑠 2.0 m2 
Conventional collector flat plate area --- 1.8 m2 
Improved collector-corrugated plate 

surface area --- 2.54 m2 

Distance between the plate and the 
glass cover --- 0.05 m 

Steel wool (SW) height --- 0.07 m 
Thickness of insulation --- 0.02 m 

Number of covers 𝑁𝑁 1 
Glass cover thickness --- 0.004 m 

Plate thickness --- 0.001 m 
Glass emissivity --- 0.88 

Glass transmissivity 𝜏𝜏 0.92 
Absorber absorptivity 𝛼𝛼 0.9 

 
2.2 Experimental procedure 

 
SAHs serve as a fundamental component in solar thermal 

systems. The conventional design consists of a glass cover, an 
absorber plate, and an air channel, with an electric fan 
controlling the airflow in active configurations. This work 
presents an enhanced SAH design, achieved through two key 
modifications to the traditional setup. First, the flat absorber 
plate was replaced with a VCP (45° grooved angle) to increase 
the surface area exposed to solar radiation. Second, SW was 
added as a porous insert in the lower air passage. The SW acts 
simultaneously as a turbulator, disrupting the boundary layer, 
and as a secondary heat-absorbing material that receives 
energy via conduction from the plate and releases it via 
convection to the air. The impact of these design changes was 
assessed by comparing the thermal efficiency and heat transfer 
rate of the improved and conventional models under identical, 
constant airflow conditions. 

Both the standard and enhanced SAH models were 
positioned with their faces pointing due south (zero surface 
azimuth angle) on the roof of the Engineering Technical 

College laboratory building in Mosul, Iraq. ASHRAE 
guidelines indicate that the ideal collector tilt angles for 
January, February, and March are approximately 56°, 49°, and 
39°, respectively [29]. The horizontal plane, which is 
represented by the arithmetic mean angle of the months of 
January, February, and March, indicates that the collector has 
been tilted by 48° in order to avoid the frame building 
complications and to maximize solar radiation. 

The hourly thermal efficiency of two SAH models was used 
to evaluate their performance. Since the collectors were placed 
outside the room and immediately pointed toward the sun, the 
sunlight is unhindered. The exterior glass cover of the 
absorbers was cleaned to get rid of any dust or contaminants 
that might have affected the collectors' transmissivity before 
the results were measured. The air inside the collectors of both 
models has been circulated using tiny fans, three for each 
collector, that are controlled by variable speed regulators. 
With the fan turned on, air is forced through the collector at a 
specific speed. Every 30 minutes between 8:00 am and 4:00 
pm, measurements of the incident solar irradiance, 
surrounding air temperature, glass surface temperature, 
absorber plate temperature, outlet and inlet air temperatures, 
and air velocity were measured during the testing process. The 
observations were collected concurrently over the course of 
these three months in order to compare the two models. 

In order to estimate the intensity of solar radiation from 8:00 
am to 4:00 pm, a Seaward Sun Survey 100 irradiance meter 
model was utilized, which allowed for an accuracy of ±0.85 
W/m². 

The temperature of the surrounding air, plate surface, glass, 
input, and outflow air was also measured at specific locations 
using K-type thermocouples, which have an accuracy of 
±0.2 ℃. The temperature was recorded at a number of 
locations using two data loggers (type 8002-16A), which were 
set up as follows: Three channels were positioned on the 
glass's surface to measure the average temperature of the glass 
cover, and one channel was positioned to track the temperature 
of the surrounding air. 

To determine the average temperature of the input air, three 
thermocouples were positioned halfway between the 
absorbent plate and the clear cover. Furthermore, as illustrated 
in Figure 2, three thermocouples were fixed at a midpoint 
between the absorbent plate and the lower surface to measure 
the hot air temperatures at the lower air passage, and three 
channels were installed at the absorbent plate's top surface to 
measure the mean plate temperature. The SAH air channel's 
air velocity was measured using a GM 816 anemometer. 

 

 
 

Figure 2. Improved solar air heater (SAH) with data logger 
installation 
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2.3 Data reduction 
 

The thermal efficiency can be defined as the ratio of usable 
energy to total incident solar radiation at a specific time [30]: 

 

𝜂𝜂𝑡𝑡ℎ =
𝑄𝑄𝑢𝑢
𝐼𝐼𝐴𝐴𝑠𝑠

 (1) 

 
The usable heat gained can be calculated using: 

 
𝑄𝑄𝑢𝑢 = 𝑚̇𝑚𝑐𝑐𝑝𝑝(𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑇𝑇𝑖𝑖𝑖𝑖) (2) 

 
It is possible to calculate the air mass flow rate at the end of 

the hot air passage duct as follows: 
 

𝑚̇𝑚 = 𝜌𝜌𝜌𝜌𝐴𝐴𝑓𝑓 (3) 
 
where, ρ is the air density, and Af is the cross-sectional area of 
the outlet air duct. 

The useful heat gain (Qᵤ) of the solar heater is defined as the 
difference between the incident solar radiation absorbed and 
the total thermal losses from the system. The amount of heat 
received by the solar collector is [30]: 
 

𝑄𝑄𝑖𝑖 = 𝐼𝐼 × 𝐴𝐴𝑠𝑠(𝜏𝜏. 𝛼𝛼)𝑒𝑒 (4) 
 

Because the temperature of the absorber plate rises and 
surpasses the ambient temperature when the solar heater 
absorbs solar energy, some of the energy will be lost to the 
environment. The amount of heat lost (𝑄𝑄𝑙𝑙 ) from the solar 
heater depends on the temperature of the air entering the heater 
as well as the value of the total heat loss coefficient (𝑈𝑈𝐿𝐿). 

The value of 𝑄𝑄𝑙𝑙  can be represented as follows: 
 

𝑄𝑄𝑙𝑙 = 𝑈𝑈𝐿𝐿𝐴𝐴𝑠𝑠(𝑇𝑇𝑃𝑃 − 𝑇𝑇𝑎𝑎) (5) 
 

The amount of usable heat (𝑄𝑄u ), as determined by the 
steady-state heat balance equation, is the difference between 
the heat received and the heat lost from the solar collector. 
 

𝑄𝑄u = 𝑄𝑄i − 𝑄𝑄𝑙𝑙 (6) 
 

In general, according to the Hottel-Bliss equation, 
 

𝑄𝑄𝑢𝑢 = 𝐴𝐴𝑠𝑠𝐼𝐼(𝜏𝜏𝜏𝜏)𝑒𝑒 − 𝑈𝑈𝐿𝐿𝐴𝐴𝑠𝑠(𝑇𝑇𝑃𝑃 − 𝑇𝑇𝑎𝑎) (7) 
 

In this case, As is the surface area of the SAH's glass cover, 
while TP and Ta are the absorber plate's and the ambient 
temperature, respectively.  

The following represents the instantaneous thermal 
efficiency (η) at a given time based on the above: 

 

𝜂𝜂 = (𝜏𝜏𝜏𝜏)𝑒𝑒 −
𝑈𝑈𝐿𝐿(𝑇𝑇𝑃𝑃 − 𝑇𝑇𝑎𝑎)

𝐼𝐼
 (8) 

 
The Reynolds number, which is determined using the 

following formula, must be determined in order to determine 
the kind of air flow inside the SAH: 
 

𝑅𝑅𝑅𝑅 =
(𝑚̇𝑚 𝐷𝐷ℎ)
(𝐴𝐴𝑓𝑓 𝜇𝜇) 

 (9) 

 
where, μ is the dynamic viscosity of the air, and Af and Dh are 

the cross-sectional area of the hot air duct and the hydraulic 
diameter, respectively. 

The hydraulic diameter is determined using the following 
formula: 
 

𝐷𝐷ℎ =
4 × cross sectional area of the flow

wetted perimeter
 (10) 

 
As air flows through the heater duct, frictional forces cause 

a pressure drop along its length. This total pressure loss, ΔP, 
can be calculated as [31]: 

 

∆𝑝𝑝 = 𝑓𝑓
𝑚𝑚𝑚2

𝜌𝜌
 �
𝐿𝐿
𝐷𝐷ℎ
�
3

 (11) 

 
where, L is the length of the SAH, and f is the coefficient of 
friction. The following formula can be used to get the 
coefficient of friction [31]: 
 

𝑓𝑓 = 𝑓𝑓0 + 𝑦𝑦 �
𝐷𝐷ℎ
𝐿𝐿
� (12) 

 
where, 𝑓𝑓𝑜𝑜  and 𝑦𝑦  are constants calculated from practical 
experiments and their values change depending on the nature 
of the flow as shown in the equations below [30]: 
 

𝑓𝑓𝑜𝑜 = 24
𝑅𝑅𝑅𝑅

, 𝑦𝑦 = 0.9 for laminar flow (Re < 2550), 
𝑓𝑓𝑜𝑜 = 0.0094, 𝑦𝑦 = 2.93𝑅𝑅𝑅𝑅−0.15  for transitional flow (2550 < 

Re <104), 
𝑓𝑓𝑜𝑜 = 0.059𝑅𝑅𝑅𝑅−0.2 , 𝑦𝑦 = 0.73 for turbulent flow (104< Re 

<105). 
 
2.4 Uncertainty analysis 

 
To ascertain the proportion of error related to pre-

experiment practical measurements, the variables that directly 
influence the thermal efficiency value derived from the 
following relationship must be identified: 

 

𝜂𝜂 = �
𝑚̇𝑚𝑐𝑐𝑝𝑝(𝑇𝑇𝑜𝑜𝑜𝑜𝑜𝑜 − 𝑇𝑇𝑖𝑖𝑖𝑖)

𝐼𝐼𝐴𝐴𝑠𝑠
� (13) 

 
The quantity of air flowing is a function of air velocity for 

a fixed cross-sectional area (air stream) 𝐴𝐴𝑓𝑓, assuming that the 
air properties stay constant across the range of temperature 
variations documented in the experiment. 

The error rate of the measured and determined parameters 
utilized in the experiment is displayed in Table 2, and the 
uncertainty or error rate of the measuring equipment can be 
calculated using the following method [32]. 

 
𝜔𝜔ɳ
ɳ

= ��
𝜔𝜔𝑚𝑚
𝑚𝑚𝑚
�
2

+ �
𝜔𝜔∆𝑇𝑇

∆𝑇𝑇
�
2

+ �
𝜔𝜔𝐼𝐼

𝐼𝐼
�
2
�
1
2
 (14) 

 
The partial error percentage of the air temperature 

differential is represented by (𝜔𝜔𝐼𝐼
𝐼𝐼

), the partial error percentage 
of the solar radiation intensity measurement by (𝜔𝜔𝑚𝑚

𝑚̇𝑚
), and the 

partial error percentage of the flowing air quantity by (𝜔𝜔∆𝑇𝑇
∆𝑇𝑇

). 
The accuracy of the measuring apparatus is displayed in Table 
2. 
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Table 2. The accuracy of measuring devices 
 

Equipment Accuracy 
Digital anemometer ±0.1 m/s 

Solar irradiance meter ±0.85 W/m2 

The energy meter of the fan ± 1 W 
Thermocouple sensor ±0.2 ℃ 

 
 
3. RESULTS AND DISCUSSION 
 

In this work, the performance of single-glass, double-pass 
classic SAH (with FP) and upgraded SAH (with VCP and SW) 
has been empirically evaluated for comparison. For testing 
both collectors, the same conditions and flow rate (0.025 kg/s) 
were applied. Keeping all the measurements for the two 
collectors' constant, the corrugated plate with the additional 
SW was positioned in the air heater's bottom air route. From 
early January to late March 2025, both collectors were built 
and studied on the roof of the Engineering Technical College 
laboratory building in Mosul, Iraq, concurrently for three 
months from 8:00 a.m. to 4:00 p.m., using the identical air 
flow (0.025 kg/s). 

The findings from the readings taken in Mosul City, Iraq, in 
January, February, and March will be discussed in this section. 
examining how various elements and factors, such as the 
amount of energy gained, the temperature of the surrounding 
environment, the intensity of solar radiation, and other factors 
that we will go into detail about, have influenced the 
specifications of the two types of solar heaters (traditional and 
improved). 

Three clear sky days were selected from each month to 
illustrate the differences in the quantity of daily solar radiation 
falling on the traditional and improved SAHs, such as January 
15, February 17, and March 20, 2025, in order to investigate 
the factors and variables that influenced the efficiency and 
specifications of the traditional and improved SAHs. 
Generally speaking, the primary aspect influencing the 
effectiveness of the SAH models is the strength of the sun's 
radiation. For the three months of January 15, February 17, and 
March 20, Figure 3 displays the variation in the monthly mean 
daily solar radiation falling on the air heater for a daily reading 
time of 8:00 a.m. to 4:00 p.m. for the Mosul atmosphere. This 
figure makes it evident that the sun's peak position in the sky 
at that time limits the maximum radiation intensity values 
between 12:00 and 1:00 p.m. Because Mosul, Iraq, had the 
highest sun elevation in March, the highest figure of solar 
radiation intensity was recorded on March 20. 

 

 
 

Figure 3. Variation of solar radiation intensity 

 
(a) 

 
(b) 

 
(c) 

 
Figure 4. Temperature difference for conventional and 
improved SAH models for: (a) January 15, 2025, (b) 

February 17, 2025, and (c) March 20, 2025 
 

The difference in the inlet and output air temperatures for 
the conventional and upgraded SAH models on January 15, 
February 17, and March 20, 2025, respectively, is displayed in 
Figure 4. According to Figure 4(a), the greatest difference for 
the better model was observed to be 28 ℃ on January 15 
between 12:00 and 1:00 p.m., whereas the biggest difference 
for the conventional model was 23 ℃ on January 15, 2025, 
during the same time frames. Also, as seen in Figure 4(b), the 
greatest difference for the better model was observed to be 
28.8 ℃ on February 17 between 12:00 and 1:00 p.m., whereas 
the biggest difference for the conventional model was 17.2 ℃ 
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on February 17, 2025, during the same time frames. 
Furthermore, on March 20, 2025, Figure 4(c) showed that the 
biggest difference for the improved model was 32 ℃ between 
12:00 and 1:00 p.m., whereas the top difference for the 
conventional model was 19 ℃ between the same time 
intervals on the same test day. For both the enhanced and 
conventional models, the difference value is near the 
beginning of operation at 8:00 a.m., and after 9:30 a.m., it 
starts to increase as the intensity of solar radiation increases. 
Even after noon, the difference between the improved model 
and the standard model is still greater because the corrugated 
absorbing plate absorbs more heat than the FP does, and the 
SW in the lower channel increases the amount of heat that is 
convectively transferred to the air. 

The variation of thermal efficiency for January, February, 
and March between the conventional and modified SAH 
models is displayed in Figure 5. These numbers demonstrate 
how the air flow velocity, the temperature differential at the 
entrance and output, and the amount of solar radiation all 
affect thermal efficiency. The enlarged surface area of the V-
shaped absorber plate and the use of steel wire in the lower 
passage of the upgraded model's outgoing air duct during all 
months covered in this study make it evident that the improved 
SAH performs better than the conventional model. 
Additionally, when solar noon draws near, we can observe that 
the thermal efficiency value falls because of the increased 
intensity of solar radiation, which in turn influences the 
temperature differential between the air inlet and output. 

 

 
(a) 

 
(b) 

 
(c) 

 
Figure 5. Variation of thermal efficiency with time for 

conventional and improved SAH models for: (a) January 15, 
2025, (b) February 17, 2025, and (c) March 20, 2025 

 
Figure 6 illustrates useful energy and solar radiation 

intensity on January 15, February 17, and March 20, 2025, for 
both traditional and upgraded SAHs. Over these months, it is 
clear that the amount of usable heat for the upgraded model is 
more than the amount for the conventional model. The 
additions (VCP and SW) that improved the efficiency and 
specifications of the standard heater are responsible for the 
increase in the amount of useful heat for the improved air 
heater, as both models receive the same amount of radiation, 
have a constant air flow rate of 0.025 kg/s, and have the same 
temperature of the air entering the solar heater. Therefore, the 
absorbing plate's presence increased the surface area that 
absorbed the rays that passed through the glass cover, and the 
SW helped to raise the temperature of the air in the solar 
heater's lower passage. On March 20, 2025, the improved 
SAH's useful energy was 1.38 kWh, compared to 0.87 kWh 
for the normal heater at solar noon. Likewise, useful energy 
for the normal heater at solar noon was 0.63 kWh, while the 
useful energy of the improved SAH was 1.18 kWh on 
February 17, 2025. Finally, useful energy for the normal heater 
at solar noon was 0.77 kWh, while the useful energy of the 
improved SAH was 1.36 kWh on January 15, 2025.  

Figure 7 shows how the absorber plate's temperature varies 
with solar radiation intensity for the conventional and 
improved models on January 15, February 17, and March 20, 
2025. This figure clearly shows that the amount of solar energy 
has a direct effect on the absorber plate's average temperature. 
On March 20, 2025, when solar radiation intensity peaked at 
1:00 p.m., the improved model's absorber plate average 
temperature was 80 ℃, whereas the FP absorber's average 
temperature was 68.5 ℃ on the same day. 

Figure 8 shows the monthly average daily fluctuation in 
usable heat over the three months during which this 
experiment was conducted. With the same quantity of solar 
energy hitting the glass cover, the same surface area, and the 
same air mass flow rate of 0.025 kg/s, the greatest average 
amount of heat acquired in March was 54.5 kWh for the 
upgraded heater and 40.4 kWh for the conventional heater. 
This suggests that the enhanced SAH produces more usable 
heat on average than the traditional one. Additionally, the 
enhanced heater's heat acquisition in February and January 
was 52.1 kWh and 40.7 kWh, whereas the traditional heater's 
was 38.6 kWh and 34.1 kWh. 
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(b) 

 
(c) 

 
Figure 6. Variation of useful energy and solar radiation 

intensity for conventional and improved SAH models for: (a) 
January 15, 2025, (b) February 17, 2025, and (c) March 20, 

2025 
 

 
(a) 

 
(b) 

 
(c) 

 
Figure 7. Mean absorbent plate temperature and solar 
radiation intensity for conventional and improved SAH 

models for: (a) January 15, 2025, (b) February 17, 2025, and 
(c) March 20, 2025 

 

 
 

Figure 8. Mean useful heat for conventional and improved 
SAH models over January 15, February 17, and March 20, 

2025 
 

The monthly rate of change in thermal efficiency for the 
three months covered in this investigation is displayed in 
Figure 9. It is evident that the intensity of solar radiation has a 
significant impact on the pace of change in thermal efficiency. 
On March 20, 2025, the enhanced model's maximum monthly 
thermal efficiency rate was 67.07%, whereas the conventional 
model's monthly thermal efficiency rate was 49.70%. 
Additionally, on January 15, 2025, the data revealed that the 
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lowest thermal efficiency for the traditional and enhanced 
models was 44.99% and 53.72%, respectively. 

 

 
 

Figure 9. Variation of thermal efficiencies for conventional 
and improved SAH models over January 15, February 17, 

and March 20, 2025 
 
When the SAH is operated, a primary pressure drop occurs 

for the air working in the system due to friction and a 
secondary drop due to the change in the direction of air flow. 
It was shown from the pressure drop calculations through the 
SAH using Eq. (11) that the pressure drop value reached 2.65 
Pa for the improved model, while the pressure drop for the 
traditional model was 1.49 Pa for a Reynolds number of 14655. 
We note the high pressure drop rate for the improved model 
due to the presence of SW in the lower duct, which increases 
the friction value and thus the pressure drop. 

 
3.1 Preliminary economic viability 
 

One of the determinants of implementing any technical 
improvement is its economic viability. To compare the 
enhanced (VCP-SW) SAH and the traditional (FP) model, a 
simple payback period (SPP) analysis was carried out. 

1. Incremental Cost (ΔC): The cost increment of the 
improved model incorporates: 
• Cost of fabricating the V-corrugated aluminum sheet 

(estimated 15% premium over a plane sheet). 
• Cost of SW (200 g), which is a very inexpensive 

material. 
• Negligible difference in the work and other details 

(glass, insulating, frame), both of which were the same in both 
models. 

Based on local market prices in Mosul, the total estimated 
incremental cost ΔC is about $16. 

2. Incremental Energy Benefit (ΔE): According to 
Figure 8, the improved model offered an average incremental 
useful heat gain (ΔQ) of about 11.4 kWh per month in the 
winter test period. In order to determine the annual benefit, a 
conservative estimate is made that such performance 
improvement would be applicable to the eight major 
heating/drying months of the year (September to April). Thus, 
it can be estimated that the yearly incremental energy saving 
is: 

 

𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥𝛥 =
11.4 𝑘𝑘𝑘𝑘ℎ
𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ

× 8 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚ℎ𝑠𝑠 = 91.2 𝑘𝑘𝑘𝑘ℎ/𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦 

3. Simple Payback Period (SPP): The SPP is 
calculated as [33]: 

 

𝑆𝑆𝑆𝑆𝑆𝑆 (𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦) =
𝛥𝛥𝛥𝛥

𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉𝑉 𝑜𝑜𝑜𝑜 𝛥𝛥𝛥𝛥 𝑝𝑝𝑝𝑝𝑝𝑝 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦
 (15) 

 
Since the displaced energy is traditional electric heating, 

which has an average efficiency and a local electricity price of 
$0.10 per kWh, the annual savings amount to $9.12. Therefore: 

 
𝑆𝑆𝑆𝑆𝑆𝑆 = [$16]

[9.12$/𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦]� ≈ 1.75 𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦. 
 
This initial calculation suggests that this minor investment 

in the VCP and SW improvements can be recouped in under 
two years in terms of saved energy expenditure, and it is an 
economically viable change to implement to increase the 
performance of SAH. 

 
 

4. CONCLUSIONS 
 

(1) The highest value of the monthly thermal efficiency 
for the improved model was reached in March, up to 67.07%, 
and for the conventional model, it is 49.70%, while the lowest 
thermal efficiency value for the regular heater was 44.99% and 
for the improved heater, 53.72% in January. 

(2) The amount of heat lost was decreased, and the 
amount of usable heat was increased by extending the absorber 
plate's surface area, utilizing the VCP and SW that were put in 
the bottom passage of the upgraded model. For the same 
surface area and air mass flow rate of 0.025 kg/s, the upgraded 
heater's maximum average heat gain in March was 56.56 kW, 
whereas the conventional heater's was 41.42 kW. Utilizing the 
inserted absorbent plate and SW as an additive in the solar 
heater's lower passage raises the system's operating air 
temperature while simultaneously lowering heat loss. 

(3) Under the same operating conditions for both models, 
the air exiting the upgraded model has a greater temperature 
than the air exiting the conventional model. 

(4) The rate of air mass flowing inside the system has a 
significant impact on the SAH's efficiency; hence, as air flow 
grows, so does the thermal efficiency, whereas the temperature 
of the outgoing air is inversely proportional to the volume of 
air flowing inside the system. 

(5) If we consider the quantity of useful heat that was 
produced as a result of the modifications we made to the 
traditional system, it is evident that the thermal efficiency and 
air temperature difference of the improved model are 
comparatively high when compared to the traditional model, 
even for a constant value of the air mass flowing and constant 
operating conditions for both models. 

 
 

5. FUTURE WORK  
 

In order to expand on this research, the following research 
directions are suggested: 
1. CFD Modeling & Optimization: Develop and validate a 

numerical model to study internal flow and heat transfer 
in order to optimize V-corrugation geometry and packing 
density of SW.  

2. Nanofluids as Heat Transfer Fluids: Experimentally test 
the increment in performance of nanofluids to air in the 

418



 

enhanced SAH configuration. 
3. Parametric Flow Rate Studies: The studies will examine 

the behavior of the system over a variety of air mass flow 
rates to determine optimal operating conditions under 
various goals (e.g., max temperature vs. max efficiency).  

4. Durability and Economic Analysis: Long-term test to 
determine the degradation of SW, techno-economic 
analysis to determine the cost-effectiveness of the 
improvement.  

5. Integration with Thermal Storage: Investigate adding 
Thermal Storage to the SAH to allow the delivery of heat 
during the non-daylight period to allow uses such as 
night-time heating or ongoing drying. 

6. Although the system-level improvement of the VCP-SW 
design has been illustrated in this paper, a closer 
examination of local heat transfer coefficient, Nusselt 
number relationships, and formal thermo-hydraulic 
performance factor is an essential direction of future 
research. 
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NOMENCLATURE 

𝐴𝐴𝑐𝑐 absorber plate surface area, m2 
𝐴𝐴𝑠𝑠 collector surface area, m2 
𝐶𝐶𝑝𝑝 air specific heat, J‧kg-1‧K-1  
𝐷𝐷ℎ hydrodynamic diameter of air channel, m 
𝐼𝐼 solar radiation intensity, W‧m-2 
k thermal conductivity, W‧m-1‧K-1 
L air channel length, m 
𝑚̇𝑚 air mass flow rate, kg‧s-1 
∆𝑝𝑝 pressure drop, N‧m-2 
𝑄𝑄𝐿𝐿  heat loss, KW 
𝑄𝑄𝑢𝑢 useful heat, KW  
𝑇𝑇 temperature, ℃ 
𝑈𝑈𝐿𝐿 overall heat transfer coefficient, W‧m-2‧K-1 
V air velocity, m‧s-1 

Greek symbols 

𝜌𝜌 air density, kg‧m-3 
𝛼𝛼 absorptivity 
𝜂𝜂 instantaneous thermal efficiency, % 
𝜎𝜎 Stefan Boltzmann constant, W‧m-2‧K-4 
(𝜏𝜏. 𝛼𝛼)𝑒𝑒 transmissivity-absorptivity product 
𝜇𝜇 dynamic viscosity, kg‧m-1‧s-1 

Subscript 

a ambient 
c cover 
g glass cover 
in inlet air 
out outlet air 
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