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Abstract 
 

The heat transfer and thermal efficiency of a solar air heater are diminished due to the low thermal conductivity of air. Using 
various artificial roughness geometries has proven effective in increasing the heat contact surface area. In this study, two 
double-pass glazed solar heaters, equipped with perforated and corrugated absorber plates, are then changed to wavy and 
punched absorber plates. Experimental and numerical modeling are conducted to assess the effects of inlet temperature, 
solar intensity, and airflow rate on the outlet temperature and thermal efficiency. Thermal efficiencies significantly increase 
at higher flow rates, but heat loss from the absorber plate to the surroundings also becomes more pronounced at an airflow 
rate of 0.035 kg/s, for perforated, wavy, corrugated, and punched collectors are 0.76, 0.62, 0.52, and 0.394% respectively. 
However, the highest outlet temperatures are recorded at a minimum airflow rate of 0.017 kg/s, with perforated and 
corrugate heaters reaching 66.7 and 60.6 °C, wave and punched heaters reaching 59.9 and 51.8 °C. Additionally, the findings 
reveal a notable enhancement in outlet temperature when using a perforated absorber plate, compared to corrugated, wavy, 
and punched absorber plates. Additionally, empirical formulas for thermal efficiencies and outlet temperatures are developed 
based on the theoretical model. 

Keywords: Solar air heater; Double pass; Thermal efficiency; Perforated and corrugated absorber plate; Wavy and punched collectors. 

Received: 06 December 2024; Revised: 27 January 2025; Accepted: 16 February 2025. 

Article type: Research article. 
 

1. Introduction 

Iraq possesses abundant solar energy, a clean and dependable 

power source that is freely available and offers numerous 

applications. By harnessing solar energy, individuals can 

reduce their energy bills and decrease reliance on fossil fuels, 

thereby minimizing pollution risks. In recent years, solar 

energy has emerged as a viable alternative to traditional, 

environmentally harmful fuels. The simplest method of 

utilizing solar energy involves converting the sun's heat into 

thermal energy, which is achieved through the use of solar 

cells. These panels capture sunlight and transform it into 

usable thermal energy.[1] Flat panel solar collectors are a 

durable and effective technology for capturing solar energy.  

These systems typically include several key components: a 

transparent glass cover, absorber panels with a selective 

coating, insulation layers, sealants, and a structural frame. The 

efficiency of converting solar radiation into usable thermal 

energy with flat plate collectors is primarily influenced by the 

careful design and integration of these elements.[2] Several 

physical factors, such as air flow rate, flow direction, solar 

intensity, collector size, cover plate properties, and wind speed, 

influence the performance of solar collectors. However, the 

key parameters that are crucial for a solar collector's efficiency 

are the absorber area, airflow characteristics, and cover plate.[3]  

Many researchers have explored ways to enhance solar 

heating systems. One notable approach is the use of a 

corrugated absorber plate, which has demonstrated significant 

improvements in heat storage and release, particularly in the 

absence of solar radiation. Studies conducted under the 

climatic conditions of Iraq (36.348 °N, 43.1577 °E) revealed 

that a modified solar collector with a corrugated design 

achieved higher thermal efficiency than the standard collector. 

This design improved heat retention, reduced energy losses, 

and increased the temperature difference between the inlet and 

outlet air, thereby significantly enhancing the thermal 

performance and energy storage capacity of solar air heaters 

(SAHs), as emphasized in earlier studies.[4] A recent study, in 

2024, A.Sreeharsha et al.[5] investigated the thermal 

performance of solar air collectors equipped with smooth and 

V-shaped corrugated absorber panels. Using three-

dimensional computational fluid dynamics (3D CFD) analysis, 

various Reynolds numbers and corrugation patterns were 

examined. The V-shaped corrugated design outperformed the 
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smooth configuration, achieving a maximum outlet 

temperature of 61 °C and a thermal efficiency of 46.7%, 

compared to 53 °C and 33.01% for the smooth design. These 

findings highlight the significant enhancement in heat transfer 

and efficiency offered by the V-shaped corrugated 

configuration, making it a highly effective option for solar air 

heating systems.  

Other researchers have advanced solar heating applications 

by developing dual-flow SAHs featuring various absorber 

designs.[6] Numerical analyses revealed that dual-flow systems 

with corrugated absorbers outperformed flat plate designs in 

terms of energy efficiency. The highest improvement in energy 

efficiency was observed at a high air flow rate at a mass flow 

rate of 0.0046 kg/s.[7] However, at mass flow rates exceeding 

0.072 kg/s, energy efficiency declined and eventually became 

negative.[8] The study, in 2024, by Gitan and Mohammed also 

highlighted that increased solar intensity enhanced air 

temperature rise and overall efficiency across all 

configurations, with more significant improvements occurring 

at lower mass flow rates.[9] An experimental study was carried 

out to evaluate the performance of a double-pass perforated 

solar collector, considering the interaction between Reynolds 

number and perforation ratio for different perforation levels. 

At a low Reynolds number of approximately 10,000, reducing 

the perforation ratio from 7 to 3 resulted in an increase in 

thermal efficiency by about 4%.[10] Notably, this effect became 

more pronounced as the Reynolds number increased to higher 

levels.[11] According to the study, dual-flow SAHs with the 

perforated absorber demonstrated higher efficiency compared 

to conventional designs and delivered the best performance.[12] 

Among the tested configurations, the perforated absorber 

exhibited the highest thermal efficiency, making it the most 

effective design. In 2020, the results of Mahmood revealed 

that a maximum efficiency of 62.50% was achieved using a 

7.5 cm high collector in the double-pass SAH, compared to  

55% efficiency in the single-pass SAH.[13] Additionally, a 

double-pass SAH was further enhanced by incorporating 

artificial roughness with various configurations to improve its 

thermal performance.[14] In 2022, Alomar et al.[15] investigated 

various configurations of corrugated perforated absorber 

plates and fluid flow channels to determine the optimal 

combination for maximizing the thermal efficiency of SAHs. 

The study involved experiments on a double-pass SAH, where 

fluid flow occurred both above and below the absorber plate. 

The highest thermal efficiency, 66.7%, was achieved with a 

corrugated perforated absorber plate, with the majority of the 

flow directed above the plate. The findings revealed that flow 

with punched burrs absorber plate enhanced fluid mixing, heat 

transfer, and overall efficiency compared to continuous 

burrs,[16] the punched burrs demonstrated a significantly higher 

thermal performance coefficient compared to the continuous 

design, highlighting the effectiveness of perforated wavy 

configurations in enhancing the efficiency of SAHs. This 

research emphasizes the need for further studies to refine and 

optimize thermal performance.[17,18] Additionally, in 2015, 

Priyam and Chand investigated two transversely positioned 

wavy fins attached to the absorber plate, and their work led to 

the development of expressions for the collector efficiency 

factor of such systems.[19]  

Previous studies suggest that the thermal performance of 

solar systems can be significantly enhanced by using either 

perforated or corrugated plates, both known for their high 

efficiency. While many investigations have individually 

analyzed the effects of these plate designs, no study has yet 

combined them in a single analysis. This research is the first 

to evaluate the thermal performance of combined corrugated 

and perforated assemblies under identical outdoor conditions, 

testing four configurations to determine the most effective 

design for optimizing thermal efficiency. 

 

2. Experimental setup 

Four double pass flat-plate SAHs were designed and 

constructed at the Middle Technical University, Institute of 

Technology Baghdad, located at 33.33 °N, 44.43 °E in 

Baghdad, Iraq. The investigation involved designing four 

wooden collectors facing south at 38° to maximize sun 

exposure for over seven hours per day. Key components of the 

SAHs include the absorber plate area and the cover, both 

aimed at enhancing the heat transfer rate and airflow 

characteristics. The solar heaters were built using punched, 

wavy, perforated, and corrugated absorber plates, made of 

galvanized steel solid plates with a thickness of 1.5 mm, and a 

glass panel of 6 mm thickness (an area of 114×105 cm²) as 

covers. The glazed covers reduced heat loss to the 

surroundings, thereby improving the solar heater's thermal 

efficiency and the temperature of the exiting air. All sides of 

the solar duct and absorber plates were coated black to 

enhance the absorption of solar radiation. Fig. 1 presents both 

a photo and a schematic diagram of the experimental test rig. 

The rectangular wooden duct had an area of 114×109 cm², 

with a test section depth of 4.5 cm. Air enters the solar 

collectors through an inlet opening of 4 cm by 114 cm, then 

exits through a circular outlet with a diameter of 8.5 cm. The 

solar collector consists of the following key components: 

1. Perforated, Corrugated, Wavy, and Punched Absorber Plates: 

These plates were installed horizontally, dividing the air flow 

into two separate passes, one with a 3.5 cm space above the 

absorber plates and another with a 2.2 cm space below. The 

design enhanced heat transfer by increasing turbulence and 

fluid mixing, which in turn improved thermal efficiency. 

2. Double-Pass Solar Collector: This design typically aims to 

boost thermal efficiency by providing extended contact time 

with both the upper and lower absorber plates. 

3. Glazed Cover: This component helps reduce heat loss from 

the top of the solar collectors. 

A hot wire anemometer was used to measure airflow 

velocity at a stationary point within the delivery airflow 

section. Temperature data was recorded with an EXTECH 

instrument. A four-channel thermometer was equipped with 

four T-type thermocouples that were calibrated and positioned  
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Table 1: Specification of the collectors and equipment. 

Description Equipment 

Baghdad-Iraq (33.33 oN and 44.43 oE) Two bed, solar collectors, 114 cm × 109 cm × 4.5 cm, south, 40o 

Solar intensity Pyranometer RK200-03, Series: 0-2000 W/m2.  

Centrifugal fan 

Outlet air delivered suction  

0.75 kW, Model 135C16A. 

Galvanized circular duct, 8 cm diameter. 

Air flow rate 

Regulates the fan speed Inlet Air Suck suction area 

Glazed cover  

Hot wire anemometer, HT-9829, 60-90 mA.  

Inverter (model SV008iC5-1, 0.01-400Hz, 5A) 

(4.5 × 114) cm2 

Area: (116 × 112) cm2 

Temperature measurement   (EXTECH) model SDL200. Data-logger. Accuracy of ± (0.4 % + 1 °C) 

as follows: one for ambient temperature (located under the 

bed), one for inlet temperature (centered in the inlet groove 

area), and two for outlet temperature (placed at the center of 

the outlet airflow). A pyrometer measured solar intensity in 

watts per square meter, with data collection occurring from 

8:00 am to 5:00 pm. The Pyranometer was mounted on the 

solar platform. The solar system operated as an active system, 

featuring a fan positioned at the back of the collector, and an 

inverter (model SV008iC5-1, 0.01-400 Hz, 5A) regulated the 

fan speed and airflow rate, which ranged from 0.021 to 0.037 

m/s. Design and operating parameters are detailed in Table 1. 

 

3. Thermal performance of solar collector 

Useful heat gains for passing air through the solar channel can 

be expressed in terms of mean plate temperature using the 

following equations of Eqs. 1 and 2.[13,14] 

𝑄𝑢 = 𝐴𝑝[𝐼(𝜏𝛼) − 𝑈𝐿(𝑇𝑝 − 𝑇𝑎)]                       (1) 

Hottel-Whillier-Bliss equation can also be used to evaluate the 

heat gain of flowing air through the solar duct.[20-22] 

𝑄𝑢 = 𝐴𝑝𝐹𝑅[𝐼(𝜏𝛼) − 𝑈𝐿(𝑇𝑖 − 𝑇𝑎)]                      (2) 

Heat removal factor FR and thermal efficiency ηth as in Eqs. 3 

and 4: 

𝐹𝑅=
𝑚̇ 𝐶̇ 𝑝

𝑈𝐿 𝐴𝑝
[1 − 𝑒𝑥𝑝 (

𝑈𝐿𝐴𝑝 𝐹
,

𝑚̇ 𝐶𝑝
)]                           (3) 

𝜂𝑡ℎ =
𝑄𝑢

𝐼.𝐴𝑝
= 𝐹𝑅 [(𝜏𝛼) − 𝑈𝐿 (

𝑇𝑖−𝑇𝑎

𝐼
)]                   (4) 

Also, it can be written Eq. 5 in terms of air outlet temperature: 

𝜂𝑡ℎ = 𝐹𝑜 [(𝜏𝛼) − 𝑈𝐿 (
𝑇𝑜−𝑇𝑖

𝐼
)]                          (5) 

where the factor Fo can be evaluated as in Eq. 6: 

𝐹𝑜=
𝑚̇ 𝐶̇ 𝑝

𝑈𝐿 𝐴𝑝
[𝑒𝑥𝑝 (

𝑈𝐿𝐴𝑝 𝐹
,

𝑚̇ 𝐶𝑝
) − 1]                           (6) 

Useful energy gain is evaluated as: 

𝑄𝑢 = 𝑚̇𝐶𝑝(𝑇𝑜 − 𝑇𝑖)                                (7) 

According to Eq. 7 the thermal efficiency is calculated as Eq. 

8: 

𝜂𝑡ℎ =
𝑚̇ 𝐶̇ 𝑝(𝑇𝑜−𝑇𝑖)

𝐼 𝐴𝑝
                                     (8)  

 

4. Experimental analysis 

The research examined four types of SAHs, with outdoor 

experiments conducted over four consecutive days. Hourly 

measurements of inlet and outlet temperatures and solar 

radiation intensity were taken over ten hours from 8:00 a.m. to 

4:00 p.m. The study assessed the thermal efficiency of 

collectors with wavy, corrugated, perforated, and punched 

galvanized absorber plates to determine the most efficient 

design. The experiments were conducted from March 3rd to 

March 8th, 2024, under clear skies with low wind conditions 

and varied airflow rates between 0.016 and 0.032 kg/s, 

consistent with existing studies on similar solar heaters 

 

4.1 Solar intensity, inlet temperature, and outlet 

temperature 

The hourly measurements of solar intensity and inlet air 

temperature were recorded over four experimental days, each 

conducted at different air flow rates. Figs. 2 and 3 illustrate the 

solar intensity curves over time at different airflow rates, 

respectively, which exhibited a consistent pattern across all 

working days. Solar intensity increased from sunrise to 

midday, reaching its peak at noon, and then gradually 

decreased until sunset. The solar intensity curves for all 

experimental days closely resembled each other, with 

maximum values ranging between 1007 and 1011 W/m². The 

highest inlet temperature and solar radiation values were 

observed between 12:00 and 1:00 pm, ranging from 30 to 32.5 
oC.   

Also, Figs. 2 and 3 show the inlet temperature (Ti), ambient 

temperature (Ta), and outlet temperature (To) throughout the 

day, spanning from 8:00 am to 4:00 pm, for five different 

absorber plates with airflow rates varying between 0.016 kg/s 

and 0.032 kg/s. The temperature trends for (Ti), (Ta), and (To) 

closely matched the pattern of solar intensity, reaching their 

peak at noon and gradually decreasing toward the evening. 

The inlet air temperature (Ti) was always higher than the 

ambient temperature (Ta). The ambient temperature was 

recorded in a shaded location beneath the bed, while (Ti) was  
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Perforated plate                                                                      Corrugated plate 

 
Wavy plate                                                                     Punched plate 

Fig. 1: Scheme and photos of the experimental work. 

 

measured at the bed's inlet. This pattern was linked to the 

parallel-pass configuration of the glazed collector or the 

parallel air pass setup, where air is preheated in the upper 

channel before transferring heat to the lower channel. 

Additionally, the outlet temperature (To) increased as the 

airflow rate decreased from 0.032 to 0.016 kg/s. This was 

mainly due to the prolonged duration of air movement within 

the collector, allowing more time for heat absorption as the air 

traveled from the inlet to the outlet. In essence, the slower air 

velocity enabled greater heat transfer from the absorber plates 

to the flowing air. Table 2 provides the average values of 

ambient temperatures, inlet temperatures, outlet temperatures, 

and solar intensity across various airflow rates. Similar to the 

present study, Prashant et al.[21] analyzed the temperature 

curves for parallel flow systems, demonstrating that the outlet 

temperature increases with a decrease in airflow rate due to a 

longer residence time. The observed behavior in this study 

mirrors these findings, with outlet temperature strongly 

correlated with solar intensity. 

 

4.2 Temperature differences for perforated, corrugated, 

wavy, and punched absorber plates over seven hours 

Fig. 4 illustrates the variation in temperature difference (ΔT = 

To – Ta) over time for different airflow rates ranging from  
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Fig. 2: Experimental measurements for solar intensity, inlet temperature, ambient temperature, and outlet temperature of perforated 

plate and corrugate plate. 

 

Table 2: The average data of the ambient temperatures (Ta), 

inlet temperatures (Ti), outlet temperatures (To), and solar 

intensity (I), with different absorber plate shapes and air flow 

rates. 

Absorber 

plate shape 

𝑚̇ 

kg/s 

I avr. 

W/m2 

Ta avr. 
oC 

Ti avr. 
oC 

To avr. 
oC 

Perforator1 

Corrugate2 
0.016 865.4 31.1 32.8 

58 

51 

Perforator1 

Corrugate2 
0.032 867.7 30.2 30.2 

52 

46 

Wavy1 

Punched2 
0.016 876.5 30.6 32.4 

51 

45 

Wavy1 

Punched2 
0.032 892.9 28.8 30.76 

48 

41 

 

0.016 to 0.023 kg/s. The temperature differences (ΔT = To – 

Ta) for the four types of absorber plates-perforated, corrugated, 

wavy, and punched-were measured over a seven-hour period 

from 8:00 am to 4:00 pm. 

• Perforated Plate: Achieved the highest temperature 

difference, peaking at 33.3 °C during noon under solar 

intensity of 1007 W/m², at an airflow rate of 0.016 kg/s. 

• Corrugated Plate: Demonstrated slightly lower ΔT 

compared to the perforated plate, with a peak temperature 

difference close to 30 °C under similar conditions. 

• Wavy Plate: Delivered a balanced performance, with a 

peak ΔT of approximately 31.5 °C, indicating efficient thermal 

absorption and heat retention. 

• Punched Plate: Recorded the lowest temperature difference, 

peaking at 27 °C, showing reduced heat gain compared to 

other configurations. 

The trend of ΔT across all absorber plates followed a 

consistent pattern: increasing steadily in the morning, reaching 

maximum values at noon, and gradually decreasing in the 

afternoon as solar intensity declined.  

 
Fig. 3: Experimental measurements for solar intensity, inlet temperature, ambient temperature, and outlet temperature of wavy plate 

and punched plate. 
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Fig. 4: Temperature differences for (a) perforated, corrugated for air flow rate m= 0.016 kg/s, (b) wavy, and punched absorber plates, 

for air flow rate m= 0.016 kg/s, (c) perforated, corrugated for air flow rate m= 0.032 kg/s, (d) wavy, and punched absorber plates, for 

air flow rate of 0.032 kg/s, over seven hours a day.  

 

When temperature differences for perforated and corrugate 

plates were compared with the punched and wavy collectors, 

there was an enhancement in the heat transfer performance for 

perforated and corrugate plates compared to wavy and 

punched plates.  

 

4.3 Instantaneous efficiencies corresponding to a 

temperature parameter (Ti–Ta)/I 

From Eq. 4, a linear plot of efficiency versus the temperature 

parameter (Ti−Ta)/I was generated, where the slope represents 

(UL), and the y-intercept represents (τα). It is important to note 

that UL is not constant but depends on both the ambient 

temperature and the collector's outlet temperature. Figs. 5-8 

illustrate the instantaneous thermal efficiency (ηi) of the 

collector plotted against (Ti−Ta)/I for airflow rates of 0.016 

and 0.032 kg/s. The maximum efficiency recorded was 74% 

for the perforated solar collector, with a negative linear slope 

B = −5.46 and a correlation coefficient R2 = 0.181 at 0.032 

kg/s. In comparison, the maximum efficiency for the wavy 

collector was 64%, with a negative linear slope B = −3.669 

and a correlation coefficient R2 = 0.91 at the same airflow rate. 

Similar to the present study, Nowzari et al.[22] emphasized the 

role of perforated covers in enhancing thermal efficiency by 

reducing heat loss and improving airflow distribution, which 

aligns with the improved results observed for the perforated 

plate in this study. 
 

4.4 The empirical expression derived for instantaneous 

efficiencies 

The derived empirical formula for instantaneous efficiencies 

is presented as in Eq. 9:[13,14] 

𝜂𝑖 =  A +  B
(𝑇𝑖−𝑇𝑎)

𝐼
                                (9) 

where the factors A and B were determined from the analysis 

of the graphs shown in Figs. 5-8. Table 3 presents the empirical 

equations for thermal efficiencies corresponding to all cases 

examined in this study. 

 

4.5 The empirical equations for outlet temperatures of 

different absorber plates 

The computation of Eqs. 5 and 6 produces expressions for the 

outlet air temperature (To) as a function of the inlet air 

temperature (Ti) and the ambient temperature.[23] 

𝑇𝑜 = (1 − 𝐵𝜆)𝑇𝑖 + 𝐵𝜆𝑇𝑎 + 𝐴𝐼𝜆                    (10) 
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Fig. 5: Variation of instantaneous efficiencies for perforated and corrugate plates with a temperature parameter (Ti–Ta)/I, for m= 

0.016 kg/s. 

 
Fig. 6: Variation of instantaneous efficiencies for perforated and corrugate plates with a temperature parameter (Ti–Ta)/I, for m= 

0.032 kg/s. 

 
Fig. 7: Variation of instantaneous efficiencies for wavy and punched plates with a temperature parameter (Ti–Ta)/I, for m= 

0.016 kg/s. 
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Fig. 8: Variation of instantaneous efficiencies for wavy and punched plates with a temperature parameter (Ti–Ta)/I, for m= 0.023 

kg/s. 

 

Table 3: The empirical relations and regression coefficients for the variation of the (Ti–Ta)/I with the thermal efficiencies, under 

working conditions. 

Instantaneous efficiency Conditions Functions Coefficients 

ṁ= 0.016 kg/s 
Perforated plate 

Corrugate plate 

ηi = 0.449+(-38.18)×(𝑇𝑖 − 𝑇𝑎/I) 

ηi = 0.359 +(-25.924 )×(𝑇𝑖 − 𝑇𝑎/I) 

R2 = 0.7842 

R2 = 0.7371 

ṁ = 0.032 kg/s 
Perforated plate 

Corrugate plate 

ηi = 0 739+(-54.611)×(𝑇𝑖 − 𝑇𝑎/I) 

ηi = 0.502+(-4.610)×(𝑇𝑖 − 𝑇𝑎/I) 

R2 = 0.1812 

R2 = 0.0276 

ṁ = 0.016 kg/s 
Perforated plate 

Corrugate plate 

ηi = 0. 347 +(-86.235)×(𝑇𝑖 − 𝑇𝑎/I) 

ηi = 0. 229 +(-14.503)×(𝑇𝑖 − 𝑇𝑎/I) 

R2 = 0.5145   

R2 = 0.2074 

ṁ = 0.032 kg/s 
Perforated plate 

Corrugate plate 

ηi = 0.633+(-36.692)×(𝑇𝑖 − 𝑇𝑎/I) 

ηi = 0.367+(-28.890)×(𝑇𝑖 − 𝑇𝑎/I) 

R2 = 0.9150 

R2 = 0.1592 

The variable λ is defined as the following: 

𝜆 =
𝐴𝑝

𝜈 𝐴𝑒 𝜌 𝐶𝑝
=  

𝐴𝑝

𝑚̇ 𝐶𝑝
                                        (11) 

Substituting the values of B, A, and λ (Eq. 11) into Eq. 10, 

the ambient temperature was equal to the inlet temperature 

(𝑇𝑖 = 𝑇𝑎), then Eq. 10 was given as Eq. 12: 

𝑇𝑜 = 𝑇𝑎 + 𝐴𝜆𝐼                                  (12) 

The empirical equations for outlet temperatures of different 

absorber plates are based on the parameters A and λ, as they 

relate to solar intensity and inlet temperature under specific 

operating conditions. 

Perforated plate (m= 0.016 kg/s): 𝑇𝑜 = 𝑇𝑎 + 0.347 × 𝐼      (13) 

Corrugate plate (m= 0.016 kg/s):  𝑇𝑜 = 𝑇𝑎 + 0.021 × 𝐼      (14) 

Perforated plate (m= 0.032 kg/s): 𝑇𝑜 = 𝑇𝑎 + 0.026 × 𝐼      (15)                                         

Corrugate plate (m= 0.032 kg/s): 𝑇𝑜 = 𝑇𝑎 + 0.019 × 𝐼       (16) 

Wavy plate (m= 0.016 kg/s): 𝑇𝑜 = 𝑇𝑎 + 0.023 × 𝐼              (17) 

Punched plate (m= 0.016 kg/s): 𝑇𝑜 = 𝑇𝑎 + 0.014 × 𝐼          (18) 

Wavy plate (m= 0.032 kg/s): 𝑇𝑜 = 𝑇𝑎 + 0.024 × 𝐼             (19) 

Punched plate (m= 0.032 kg/s): 𝑇𝑜 = 𝑇𝑎 + 0.014 × 𝐼         (20) 

4.6 Experimented measured outlet temperature and 

predicted outlet air temperature 

Figs. 9 and 10 present the experimental measurements of 

outlet air temperature (To) alongside the predicted outlet air 

temperature (To, Simulated), calculated using Eqs. 13-20. 

Validation was performed for all cases. Solar collectors show 

a maximum discrepancy of 7 °C between the predicted and 

experimental values throughout the working day. The results 

demonstrate a satisfactory agreement between the simulated 

and experimental data. In general, the rise in outlet 

temperature is influenced by solar radiation intensity and the 

degree of heat loss to the surrounding atmosphere, as 

previously noted by researchers Vaziri et al.[20] and 

Mahmood.[13] 

 

5. Numerical simulation methodology 

5.1 Geometry description  

The SAH used in the current simulation was designed and 

modeled using SOLIDWORKS 2018 software, as shown in 

Fig. 11. For the fabrication and testing process, two distinct 

absorber plate configurations were utilized: a wavy flat plate 

and a corrugated flat plate. 
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Fig. 9: Experimented measured outlet temperature and predicted outlet air temperature for perforated plate and corrugate plate.

 
Fig. 10: Experimented measured outlet temperature and predicted outlet air temperature for wavy plate and punched plate. 

Time of the day (hrs)

T
e

m
p

e
ra

tu
re

(
C

)

9 10 11 12 13 14 15 16
20

25

30

35

40

45

50

55

60

65

70

Simulated outlet temperatures

Experimental outlet temperatures

Perforated plate m= 0.016 kg/s

o

Time of the day (hrs)

T
e

m
p

e
ra

tu
re

(
C

)

9 10 11 12 13 14 15 16
20

25

30

35

40

45

50

55

60

65

70

Simulated temperatures

Experimental outlet temperatures

o

Corrugate plate m= 0.016 kg/s

Time of the day (hrs)

T
e

m
p

e
ra

tu
re

(
C

)

9 10 11 12 13 14 15 16
20

25

30

35

40

45

50

55

60

65

70

Simulated outlet temperatures

Experimental outlet temperatures

Perforated plate m= 0.032 kg/s

o

Time of the day (hrs)

T
e

m
p

e
ra

tu
re

(
C

)

10 11 12 13 14 15 16
20

25

30

35

40

45

50

55

60

65

70

Simulated outlet temperatures

Experimental outlet temperatures

o

Corrugate plate m= 0.032 kg/s

Time of the day (hrs)

T
e

m
p

e
ra

tu
re

(
C

)

9 10 11 12 13 14 15 16
20

25

30

35

40

45

50

55

60

65

70

Simulated outlet temperatures

Experimental outlet temperatures

wavy plate m= 0.016 kg/s

o

Time of the day (hrs)

T
e

m
p

e
ra

tu
re

(
C

)

9 10 11 12 13 14 15 16
20

25

30

35

40

45

50

55

60

65

70

Simulated outlet temperatures

Experimental outlet temperatures

o

Punched plate m= 0.016 kg/s

Time of the day (hrs)

T
e

m
p

e
ra

tu
re

(
C

)

9 10 11 12 13 14 15 16
20

25

30

35

40

45

50

55

60

65

70

Simulated outlet temperatures

Experimental outlet temperatures

Wavy plate m= 0.032 kg/s

o

Time of the day (hrs)

T
e

m
p

e
ra

tu
re

(
C

)

9 10 11 12 13 14 15 16
20

25

30

35

40

45

50

55

60

65

70

Simulated outlet temperatures

Experimental outlet temperatures

Punched plate m= 0.032 kg/s

o

https://www.espublisher.com/


Research article                                                                                                                                                                                Engineered Science 

 

10 | Eng. Sci., 2025, 34, 1435                                                                                                                                                                  Engineered Science Publisher 

 
Fig. 11: Schematic of dual-flow flat absorber plate (wavy and corrugated). 

 

5.2 Boundary conditions 

The boundary conditions for the numerical simulation of the 

SAH were implemented using ANSYS Fluent 2020 R2 

software (as shown in Fig. 12). The following conditions were 

applied: 

1. Airflow Rate: The mass airflow rate was varied between 

0.016 and 0.032 kg/s, with the inlet air temperature maintained 

at a constant value of 34 °C. 

2. Outlet Pressure: The outlet of the air duct was set to a default 

atmospheric pressure of 0 Pa. 

3. Solar Intensity: A uniform heat flux 1007 W/m2, 

representing solar intensity, was applied to the top surface of 

the duct. 

4. Insulation: All other walls of the air heater were treated as 

insulated boundaries to minimize heat losses. 

5. Temperature Distribution: The numerical simulation 

calculated the temperature of the airflow and the absorber 

plate at the outlet based on these boundary conditions. 

This setup ensured realistic simulation of the dual-flow SAH's 

thermal performance under standard operating conditions. 

 
Fig. 12: Explanation of boundary conditions. 

 

5.3 Governing equations 

The Navier-Stokes equations, which represent the 

conservation of mass, momentum, and energy, are 

fundamental in describing fluid motion and heat transfer. 

These equations (Eqs. 21-25) specifically address turbulent 

and incompressible flows.[24,25]  

Conservation of mass: 

∂

∂t
(ρ) +

∂

∂x
(ρu) +

∂

∂y
(ρv) = 0           (21) 

Conservation of momentum:  

(1) x-momentum 

𝜌 (
∂u

∂t
+ 𝑢

∂u

∂x
+ v

∂u

∂y
+ w

∂u

∂y
) = −

∂p

∂x
+ μ𝑒𝑓𝑓 (

∂2u

∂x2 +
∂2u

∂y2 +

∂2u

∂z2) + Su                                          (22) 

(2) y-momentum 

𝜌 (
∂v

∂t
+ 𝑢

∂v

∂x
+ v

∂v

∂y
+ w

∂v

∂y
) = −

∂p

∂y
+ μ𝑒𝑓𝑓 (

∂2v

∂x2 +
∂2v

∂y2 +

∂2v

∂z2) + Sv                                             (23) 

(3) z-momentum 

𝜌 (
∂w

∂t
+ 𝑢

∂w

∂x
+ v

∂w

∂y
+ w

∂w

∂y
) = −

∂p

∂z
+ μ𝑒𝑓𝑓 (

∂2w

∂x2 +
∂2w

∂y2 +

∂2w

∂z2 ) + Su                                            (24) 

Energy equation:  

∂T

∂t
+

∂uT

∂x
+

∂vT

∂y
+

∂wT

∂z
=

1

ρ

∂

∂x
[Γeff

∂T

∂x
] +

1

ρ

∂

∂y
[Γeff

∂T

∂y
] +

1

ρ

∂

∂z
[Γeff

∂T

∂z
]                                              (25) 

To accurately predict air movement and contaminant 

dispersion within an SAH, selecting an appropriate turbulence 

model from the available options is crucial. The two-equation 

renormalization group (RNG) standard k-ε turbulence model 

was employed to simulate the turbulent airflow in the SAH. 

The standard k-ε model is described through the following 

equations (Eqs. 26-32) for turbulent kinetic energy (k):[24,25] 

∂k

∂t
+

∂uk

∂x
+

∂vk

∂y
+

∂wk

∂z
=

1

ρ

∂

∂x
[(μ𝑒𝑓𝑓 +

μt

σk
)

∂k

∂x
] +

1

ρ

∂

∂y
[(μ𝑒𝑓𝑓 +

μt

σk
)

∂k

∂y
] + +

1

ρ

∂

∂z
[(μ𝑒𝑓𝑓μ +

μt

σk
)

∂k

∂z
]

1

ρ
(Gk + Gb) −

Ɛ                                                                                              (26) 

Dissipation rate (ε): 

∂Ɛ

∂t
+

∂uƐ

∂x
+

∂vƐ

∂y
+

∂wƐ

∂z
=

1

ρ

∂

∂x
[(μ𝑒𝑓𝑓 +

μt

σƐ
)

∂Ɛ

∂x
] +

1 

ρ

∂

 ∂y
[(μ𝑒𝑓𝑓 +

μt

σƐ
)

∂Ɛ

∂y
] +

1 

ρ

∂

 ∂z
[(μ𝑒𝑓𝑓 +

μt

σƐ
)

∂Ɛ

∂z
] + C1

Ɛ

ρk
(Gk + C3Gb) −

C2
Ɛ2

k
                                                                                          (27) 

μeff is the effective viscosity coefficient: 

μeff = μ + μt                                 (28) 
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Fig. 13: Grid independence study of the 3D simulations. 

 

Γeff is the effective diffusion coefficient: 

Γeff =
μ

pr
+

μt

σt
                                        (29) 

μt is the eurbulent viscosity: 

μt = ρCμ
k2

Ɛ
                                    (30) 

Gk is the Kinetic energy generation by shear: 

Gk = μt  (2 [(
∂u

∂x
)

2
+ (

∂v

∂y
)

2
] + (

∂u

∂y
+

∂v

∂x
)

2
)           (31) 

Gb is the Kinetic energy generated by buoyancy:  

Gb =
μt

σt

∂T

∂y
gβ                                 (32) 

where Cμ represents a big Reynolds number flow value for an 

empirical constant. The working fluid, air, generates a uniform 

heat flux on the absorber wall and is characterized by a Prandtl 

number of 0.7. To ensure the accuracy of the selected k-ε 

turbulence model, a comparison was made with the k-ω model 

and experimental results, as depicted in Fig. 13 and 

summarized in Table 4. The results indicate that the k-ε model 

closely aligns with the experimental data. Additionally, Table 

4 provides the values of the constants used in the k-ε model, 

reinforcing its reliability in the current study.[26,27] 

Table 4: Values of constants in the k-ε models.[25] 

Values of constants in the model 

Cμ C1 C2 C3 σƐ σk 

0.09 1.44 192 1.0 1.3 1.0 

 

5.4 Mesh generation and independence study 

To create the computational domain, the mesh was generated 

using ANSYS Fluent Workbench 2020 R2 to develop mesh 

files. The airspace, representing the upstream and downstream 

flow within the SAH, was modeled with a tetrahedral mesh 

structure. Fig. 14 illustrates the mesh architecture, which 

consists of 924,562 nodes distributed along the x, y, and z axes 

for a single segment of the SAH. 

 
Wavy plate parallel path direction                                   Trapezoidal corrugated plate 

Fig. 14: Computational domain mesh of the dual-flow collector cavity model. 
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Z=0.2 cm 

 

Z=0.6 cm 

 

Z=1.0 cm 

 
Fig. 15: Temperature distribution of air in corrugated absorber plate, at m=0.016 kg/s, I=1007 in z-axis. 

 

For the grid independence study in the 3D simulations, four 

mesh resolutions (coarse, medium, fine, and finer) were 

evaluated, with their specifications detailed in Table 5. Each 

component of the loop employed a block strategy for mesh 

generation. To ensure accuracy near the walls, the mesh aimed 

for a near-wall cell size with a y+ value of less than 1. Cells 

were clustered closer to the wall with an expansion ratio of 

1.06 toward the center. A mesh sensitivity analysis was 

conducted by comparing the outlet temperature profiles 

derived from simulations with varying node counts. Among 

the four mesh configurations tested, the grid with 1,245,466 

finite volumes was selected for further simulations. This 

choice balanced computational cost and accuracy, making it 

an efficient and reliable option for subsequent analyses. 

Table 5: Characteristics of all the 2D meshes considered for the 

SAH cavity 

No. Mesh type Nodes To (oC) 

1.  Coarse 654524 53.226 

2.  Medium 754644 53.885 

3.  Fine 924562 54.332 

4.  Finer 1245466 54.456 

Z=0.2 cm    

      

  Z=0.6 cm

       

   Z=1.0 cm 

 
Fig. 16: Velocity distribution of air in corrugated absorber plate, at m=0.016 kg/s, I=1007 z-axis. 
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Z=0.2 cm 

 

Z=0.6 cm 

 

Z=1.0 cm 

 
Fig. 17: Temperature distribution of air in wavy absorber plate, at m=0.016 kg/s, I=1007 z-axis. 

 

5.5 Temperature and velocity distribution of air on the 

corrugated plate 

Fig. 15 shows the temperature distribution inside the solar 

channel with a corrugated absorber plate in the Z direction for  

0.016 kg/s and a maximum solar intensity of 1007 W/m2. For 

the corrugated plate, the maximum temperature was from 63 
oC from z = 0.2 to 1 cm. Fig. 16 shows the velocity distribution 

inside the solar channel on the corrugated absorber plate in the 

Z direction for 0.016 kg/s and a maximum solar intensity of 

1007 W/m2. For the corrugated plate, the maximum velocity 

was 0.12 m/s (z = 0.2 to 1 cm). 

 

5.6 Temperature and velocity distribution of air on a wavy 

plate 

Fig. 17 illustrates the temperature distribution within the solar 

channel featuring a corrugated absorber plate along the Z-

direction, at a mass flow rate of 0.016 kg/s and a maximum 

solar intensity of 1007 W/m². For the wavy plate, the highest 

temperature recorded was 61 oC, observed in the range of 

z=0.2 to 1 cm. Fig. 18 presents the velocity distribution within 

the solar channel on a corrugated absorber plate along the Z-

direction, under the same conditions. The velocity reached 

0.09 m/s within the range of z=0.2 to 1 cm. 

A comparison of the numerical and experimental results 

shows that the numerical model predicts slightly higher outlet 

temperatures for the corrugated and wavy designs. This 

difference can be attributed to the numerical model assuming 

an equal distribution of absorbed heat between the upper and 

lower passing airflows. In contrast, in the experimental case, 

the heat gain of the lower passing airflow is reduced due to the 

heat transfer occurring in the upper absorber plates. 

The highest performance achieved in terms of temperature 

differences and thermal efficiency in the current study is 

compared with a similar investigation involving a double-pass 

flow system with a perforated absorber plate, as presented in 

Table 6. 

Z=0.2 cm 

 

Z=0.6 cm 

 

Z=1.0 cm 

 
Fig. 18: Velocity distribution of air in wavy absorber plate, at m=0.016 kg/s, I=1007 z-axis. 
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Table 6: Comparison of temperature differences and thermal efficiency of the current study with previous literature. 

Researcher Collector type   Dimensions (m3) 
Solar intensity 

W/m2 

𝝙T 

℃ 

Air flow rate 

kg/s 

 

η% 

Vaziri et al. [20] 

Experimental 

performance of 

perforated glazed 

SAHs  

0.9×0.9×0.3  906 16.2 0.036 82 

Nowzari et al.[22] 

Experimental 

Quarter perforated 

with plexiglas cover 

1×1.5×0.05 724 24.6 0.037 56 

Mahmood[13] 

Experimental 

Perforated plate 

glazed heater (bed 

angle 47o) 

1.5×1×0.05  920 23 0.045 66 

Arunkumar et 

al.[11] 

Experimental 

Perforation Hole on 

the Absorber in a 

SAH 

1.0×0.20×0.03 950 43 0.038 87.3 

Present work 

Experimental   

measured    of 

perforated plate 

1.14×1.09×0.045 1007 29 0.032 75 

6. Conclusion 

The novelty of this study lies in its unique approach to 

combining corrugated and perforated plate designs for thermal 

analysis, which has not been explored in prior research. By 

evaluating these configurations under identical outdoor 

conditions, this research provides a comprehensive 

comparison of four innovative assemblies, identifying the 

most effective design for optimizing the thermal performance 

of solar systems. 

1. An outdoor experimental study was conducted to evaluate 

the outlet temperature and thermal efficiency of a double-pass 

SAH utilizing a perforated plate, corrugated plate, wavy plate, 

and punched plate as the absorber plate. The prototype was 

designed and fabricated in Baghdad, Iraq, to enhance the 

performance of conventional thermal efficiency collectors. 

The system featured and testing were carried out over four 

clear days, with maximum solar intensity on the collector 

cover reaching 1007 W/m² and ambient air temperatures 

ranging from 24 to 32 °C. 

2. Ambient air temperature, inlet temperature and solar 

intensity seem same data for experimental work for corrugate 

and perforated plates, the outlet temperature and thermal 

efficiencies demonstrated for perforated plate slight increase 

than corrugate plate, that can be attributed to the following: 

the perforations created localized turbulence, disrupting the 

boundary layer and enhancing heat transfer by allowing more 

effective energy exchange between the plate surface and the 

passing air. The perforated plate's ability to induce turbulence 

near the plate surface may reduce the temperature gradient 

between the plate and the surrounding air, minimizing thermal 

losses. 

3. The increase in outlet temperature and thermal efficiency 

for a wavy plate compared to a punched (semi perforated) 

plate can be attributed that the undulating structure increases 

the surface area available for heat transfer, allowing more 

energy to be absorbed and transferred to the passing air, while 

punched plate less effective surface area available for direct 

heat conduction and convection. 

4. The experimental results were compared with the 

predictions from the theoretical model, showing good 

agreement with the monitored data. The maximum 

discrepancy between the experimental and predicted values 

was found to be 7 °C across all days of observation. 

5. A comparison between the numerical and experimental 

results reveals that the numerical model predicts slightly 

higher outlet temperatures for the corrugated and wavy 

designs. This discrepancy arises because the numerical model 

assumes an even distribution of absorbed heat between the 

upper and lower airflow channels. However, in the 

experimental setup, the heat gain of the lower airflow is 

diminished due to heat transfer occurring primarily through 

the upper absorber plates. A comparison of experimental 

results with theoretical model predictions showed good 

agreement, with a maximum deviation of 5 °C observed across 

all tested days. 

6. The thermal performance of the system was notably 

improved by incorporating a double-pass collector, which 

increased the air path length, allowing for greater heat 

absorption while reducing heat losses to the environment. 
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Nomenclature 

Ae              Exit area (m2) 

AP              Surface area of absorber plate (m2). 

C               Conversion factor 

C1              Empirical constant 

C2              Empirical constant 

C3              Empirical constant 

Cμ              Reynolds number empirical constant 

Cp              Specific heat of air (J/kg oC) 

D               Hydraulic diameter of duct (m) 

f                Friction factor (-) 

Fo              Heat removal factor (-) 

Fp              Collector efficiency factor (-) 

FR              Heat removal coefficient 

Gb               Kinetic energy generation by buoyancy  

Gk              Kinetic energy generation by shear 

I                Solar intensity (W/m2) 

k               Turbulent kinetic energy (m2/s2) 

K               Thermal conductivity of air (W/m. oC) 

L               length of test section (m) 

ṁ               Mass flow rate of air (kg/s) 

P               Pressure (Pa) 

Q              Specific heat capacity (W) 

Qu             Useful heat gain (W) 

S               Body force per unit volume (N/m3) 

t               Time (sec) 

Ti              Temperature of fluid at inlet (oC) 

To             Temperature of fluid at outlet (oC) 

Tp             Temperature of absorber plate (oC) 

Ta             Ambient temperature of flowing fluid (oC) 

𝝙T             Air temperature rises across the duct (°C) 

𝝙T/I            Temperature rise parameter (m2 K/W) 

u,v,w           Velocity at x,y,z direction (m/s) 

UL              Overall heat loss coefficient (W/m2 °C) 

ρ               Fluid density (kg/m3) 

ε               Rate of dissipation of turbulent kinetic energy (W/m3) 

μ               Dynamic viscosity (kg/m⋅s) 

Φ               Dissipation function (W/m3) 

σƐ, σk           Empirical constant 

ηi             Instantaneous thermal efficiency 

ηth              Thermal efficiency 

τα              Effective transmittance absorbance 

μt              Turbulent viscosity (kg/m⋅s) 

Γeff             Effective diffusion coefficient (m2/s) 

μeff             Effective viscosity coefficient (kg/m⋅s) 
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