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Abstract: The thermo-fluid performance of triangular finned absorber plate solar air heater 

(SAH) can be enhanced using numerous favorable and effective techniques. These methods 

improve the heat transfer coefficient (HTC) at interface of the circulating fluid (fresh ambient air) 

and solar air collector or absorber plate. Fixing small, novel fins to the absorber plate enhances 

thermal performance by improving the airflow path of ambient air across the plate. Novel absorber 

plate design, optimized flow sections, and added turbulence via fins, ribs, or baffles enhance the 

performance of SAH. This investigation examines theoretical and experimental analyses on 

enhancing the thermo-fluid performance of a SAH by attaching a novel triangular-shaped fin 

design to the absorber plate and arranging the fins in an innovative pattern. The assessment of this 

work focused on enhancing heat transfer while minimizing the pressure drop. The system operates 

on solar thermal technology, utilizing heat derived from solar energy. Solar irradiance encroaches 

on glazing, where it's partly absorbed by the black absorber plate and fins, and partly heats the air 

circulating between the transparent glazing and triangular finned absorber plate. Based on this 

setup, various performance-related equations were derived under several simplifying 

assumptions. The analysis was conducted at mass flow rates (MFR) ranging from 0.010 to 0.015 

kg/s, with results showing an enhanced thermo-fluid performance of the rectangular duct SAH. 

The maximum inlet air temperature reached 59 ºC at the lowest mass flow rate MFR of 0.010 kg/s 

across whole day, with the peak temperature occurring at a solar flux of 846 W/m². The heat 

transfer coefficient increased from 3.20 W/m²K to 13.84 W/m²K with variability in MFR and 

solar flux during the whole day. The assessment of this study reveals a 6.25% variation between 

theoretical and experimental pressure drop at the lowest MFR of 0.010 kg/s. 

Keywords: Collector; Heat transfer enhancement; Solar air heater; Thermal performance; 

Triangular finned absorber plate

1. Introduction 

The present global scenario on conventional sources of 

energy and oil resources may be wiped out after few years 

due to the scarcity of traditional energy sources and oil 

reserves. Since the availability and reliability of petroleum 

is uncertain in future. This is the crucial time that we must 

focus on alternate energy resources to fulfil our future 

demands of petroleum and energy1). Because of global 

warming now days the temperature of the environment is 

rising as time passes. This temperature rise is because of 

the greenhouse gas emissions in our atmosphere2). The 

concentration of greenhouse gases in our environment is 

continuously increasing day by day3). This is because of 

the main source of greenhouse gasses is emissions from 

industries and automobiles4). Global warming is the main 

cause of the melting of mountain glaciers; causing to 

rising of sea levels. If this rise in sea level continues, some 

low laying area countries in the world5). 

Our unstoppable and continuous use of huge conventional 

energy resources without keeping in mind sustainable 

development is the main cause of environmental problems 

and future petroleum problems6). So, the need for 

renewable energy sources and alternate energy resources 

came into focus; for a clean and pollution free 
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environment which leads to need of research on biofuels 

and renewable energy sources for zero emissions7–9).  

Solar thermal technology uses an absorbing material to 

heat air with solar energy10). This technology is used to 

heat or conditioned the fresh air for the single or 

multistoried buildings, crops drying applications, offices, 

and preparing greenhouses. Solar air heaters (SAHs) are 

used as a supplement of conventional air heating systems. 

At the absorber surface of black-painted absorber plates 

(AP), SAHs convert the sun's irradiance or solar flux into 

thermal energy (heat). This heat is subsequently 

transferred to a flowing fluid (air) passing through finned 

solar air collector11). 

SAHs have been widely used as a cost-efficient and eco-

friendly method for space heating, heating buildings, 

drying crops, and other applications that require the use of 

hot air12). Over the years, research has been conducted by 

the researcher13–17) to boost the thermo-hydraulic 

performance (THP) of the solar air heating system by 

optimizing various components of SAHs; such as the 

geometrical parameters of the absorber tray, extended 

surfaces, air ducts, glazing, insulation, spacing between 

the fins or tubes or ribs, and tilt angle. A series of studies 
18–22) were conducted to improve the THP of SAHs. These 

studies focused on the placement of arc-shaped ribs at 

various locations and aimed to established empirical 

relationship for friction factor (FF) and heat transfer (HT). 

As a result, correlations for HT and friction factor were 

established. The temperature profile in individual 

component of a SAH can be computed by applying heat 

energy balance equations. Numerous researchers23–27) 

have theoretically examined various collector designs and 

found that a collector length of 1 meter can yield 

satisfactory performance. Daily average thermal, exergy, 

and thermohydraulic efficiencies of 29.55%, 14.59%, and 

7.24%, respectively, were achieved by the modification of 

flat plate SAH introducing rotating spiral-shaped baffles 

on absorber plate28). A numerical investigation is 

conducted to examine how a non-flat AP influences the 

performance of a SAH. The non-flat geometry promotes 

airflow turbulence, thereby enhancing average thermal 

efficiency from 28.8 to 54.7 %. Throughout the day, the 

non-flat AP demonstrated up to a 141.5% enhancement in 

the Nu relative to the flat plate configuration29). The study 

shows that placing polygonal-shaped ribs at the duct 

center yields the highest improvement in heat transfer 

performance30). Investigation on THP of SAH using 

quarter circle roughness ribs revels the increased value Nu 

and the decreased value of average FF. The introduction 

of artificial roughness on the AP results in a substantial 

enhancement of the Nu relative to that of a smooth 

surface, due to improved turbulent heat transfer. At a 

Reynolds number of 16,000 and a p/e ratio of 6.67, the 

quarter-circle roughened duct achieved a 2.42-fold 

increase in the Nu relative to the smooth duct31). Hence 

introducing roughness or ribs on collector improves the 

thermal performance of SAH. Artificial roughness 

effectively enhances heat transfer in solar air heaters 

compared to smooth surfaces but increases flow friction 

and pumping power. Both the Nusselt number and friction 

factor are influenced by the Reynolds number; as Re 

increases, turbulence intensifies, boosting Nu, while the 

thinning viscous sublayer reduces f. With the 

implementation of discrete double arc ribs, the friction 

factor exhibited an inverse relationship with the Re, 

increasing as Re decreased32). 

1.1. Research gaps 

Solar air heaters (SAHs) typically suffer from limited 

efficiency due to challenges in heat transfer. A widely 

used approach to enhance performance involves 

introducing roughness elements to the absorber plate. 

However, stationary roughness elements can create 

localized heating and thermal disturbance regions, which 

impede effective convective heat transfer. Use of ribs or 

fins makes the artificial roughness along the cross-section 

of duct, which leads to more turbulence of air in flow 

channel and increase in heat transfer coefficient33–35). The 

impact of MFR of working fluid on the outlet temperature 

of heated air, HTC and pressure drop has been evaluated 

for the improvement in THP of SAH36). Despite 

significant advancements in SAH technology, several 

research gaps remain. Most studies focus on performance 

under optimal solar conditions, with limited investigation 

into SAH performance during fluctuating or low solar 

intensity. The integration of smart thermal energy storage 

systems is often inefficient, and innovative fin or absorber 

geometries such as dynamic or biomimetic designs are 

underexplored. Hybrid configurations with other 

renewable systems remain unoptimized, and the use of 

heat storage phase change materials (PCMs), advanced 

materials prone to high emissivity, and intelligent and 

smart control systems, such as artificial intelligence and 

machine learning, is still limited. Additionally, life-cycle 

cost and environmental impact assessments are often 

underexplored. Number of theoretical and experimental 

studies37–48) have been carried out to investigate the 

thermo-fluid performance of SAH, but very few attempts 

has been performed on triangular finned absorber plate 

made of aluminium material and arrangements of fins 

pattern. Most research on SAHs focuses on ideal 

conditions, with few studies examining their performance 

under low solar intensity. 

1.2. Novelty and objectives of the present work 

Investigations on triangular finned absorber plate SAH 

have been performed in very less numbers due to the 

convoluted flow dynamics and the limitations in welding 

process, for welding of fins onto aluminum metal absorber 

plate. To address these limitations, this study explores a 
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modified design of a rectangular duct SAH incorporating 

a novel design absorber plate having triangular fins and 

their unique cross (X) arrangement. This study aims to 

evaluate the thermo-fluid performance of a novel 

rectangular duct SAH incorporating a uniquely designed 

triangular finned absorber plate. The cross (X) 

arrangement of fins on the absorber plate in a solar air 

heater is a smart thermal design strategy aimed at 

improving heat transfer and enhancing air turbulence for 

better overall efficiency. The X-shaped fin configuration 

increases the surface area available for heat exchange 

between the absorber plate and the air. More contact area 

allows more heat to be transferred from the plate to the 

moving air. The intersecting fin design disturbs the 

airflow, breaking up smooth (laminar) flow and creating 

turbulent eddies. Turbulence leads to better mixing of air 

layers, minimizing the thermal boundary layer and 

increasing the rate of convective heat transfer. The 

primary focus of this study is to enhance heat transfer 

while simultaneously minimizing pressure drops along the 

duct of the SAH. Both theoretical mathematical modeling 

and experimental analysis have been conducted to assess 

the system's overall thermo-fluid performance.  

2. Theoretical investigation of a triangular 

finned absorber plate solar air heater  

2.1. Model equations for new designed solar 

air heater 

Model equations for the triangular finned type absorber 

plate SAH has been formulated under following 

assumptions such as: 

• Analysis is performed when SAH system is in 

steady state conditions with steady airflow. 

• The temperature of air is supposed to be uniform 

through the flow cross-section. 

• Air is deemed to be an ideal fluid i.e.; specific 

heats of air remain unchanged. 

• Heat conduction is regarded as being minimal. 

• Temperature variation in both the inlet air and 

absorber plate are restricted to the flow direction. 

• The convective HTC outside remains constant 

along the length of SAH. 

• The heat flow through a cover is considered to be 

one dimensional. 

Theoretical analysis for the novel designed rectangular 

duct triangular finned SAH has been conducted based on 

the above assumptions. Thermal network for the 

rectangular duct triangular finned SAH shows the various 

mode of HT between absorber plate and glazing, AP and 

flowing air, and cover plate and flowing air. Configuration 

diagram of SAH, SAC and thermal network is presented 

in Figure 1.  

Thermal energy balance equation for the thermal circuit 

represented in Figure 1 has been modeled as: 

Thermal energy conservation equation for glass cover 

plate:  

UtlAC (TC – Tair) = hcfAC (Tf – TC) + hrcpAC (TP – TC)  (1) 

Where, mean fluid temperature (Tf) = (Tfi + Tfo)/2 

Energy balance equation for collector or absorber plate 

IαAP = UblAP (TP – Tair) + hpfAP (TP – Tf) + hrcpAP (TP – TC) (2) 

Where, hrcp is the relative HTC between toughened 

glazing and AP, and may be evaluated either by using 

Eqn. (3) or (4), both equation gives the same value.  

hrcp = 
𝜎 (𝑇𝑃

2 + 𝑇𝐶
2) (𝑇𝑃 + 𝑇𝐶)

(
1

𝜀𝑃
)+(

1

𝜀𝑐
) −1

      (3) 

Absorber plate temperature (TP) is calculated as follows:  

𝑇𝑃 =
(𝑇𝑃1 + 𝑇𝑃2 + 𝑇𝑃3 + 𝑇𝑃4 + 𝑇𝑃5 + 𝑇𝑃6 + 𝑇𝑃7 + 𝑇𝑃8)

8
 

Where, TP1, TP2, TP3, TP4, TP5, TP6, TP7, TP8 are the 

temperature measured at various locations of absorber 

plate. 

If radiation (Q̇u) between any two arbitrary surfaces are 

given then HTC may also be evaluated by Eqn. (4) 

𝑄̇𝑢 = ℎ𝑟𝑐𝑝𝐴𝑃  (𝑇𝑃 − 𝑇𝐶) i.e. ℎ𝑟𝑐𝑝 =  (
(𝑄̇𝑢/𝐴𝑃)

(𝑇𝑃− 𝑇𝐶)
)  (4) 

The correlation for determining the thermal radiation 

HTC (hcs) between the sky and glass cover plate (glazing) 

is as follows in Eqn. (5):  

ℎ𝑐𝑠 =
𝜎 𝜀𝑐(𝑇𝐶+𝑇𝑠)(𝑇𝐶

2+𝑇𝑠
2)(𝑇𝐶−𝑇𝑠)

(𝑇𝐶−𝑇𝑎)
    (5) 

Temperature of sky (Ts) is measured by the correlation shown in 

Eqn. (6)49,50):  

T𝑠 = 0.0552 Tair 1.5      (6) 

Theoretically it is difficult to calculate the average 

ambient temperature of SAC or absorber plate, since it is 

the function of solar insolation on absorber plate, design 

of collector and inlet fluid conditions. Therefore, 

theoretical efficiency of collector is measured by Eqn. (7). 

𝜂𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 =
𝑄̇𝑢

𝑄̇𝐶
 = 

 𝐴𝑃𝐹𝑅[(𝜏𝛼)𝐼 − 𝑈(𝑇𝑓𝑖−𝑇𝑎𝑖𝑟)]

𝐼𝐴𝑃
   (7) 

Where, FR is the heat removal factor of solar air collector.  
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Fig. 1: Configuration diagram of a triangular-fin solar air collector and its thermal network 

2.2. Thermal analysis 

2.2.1. Heat conversion (thermal) efficiency of 

triangular finned solar air heaters 

The thermal efficiency (ηth) of SAH or SAC may be 

expressed as “the ratio of useful solar energy to the overall 

amount of incident solar flux, and calculated by using the 

given equation”51–55). 

𝜂𝑡ℎ =
𝑄̇𝑢

𝑄̇𝑐
 = 

𝑚̇𝑓𝐶𝑝𝑓(𝑇𝑓𝑜−𝑇𝑓𝑖)

𝐼𝐴𝑝
                                                        (8) 

The term 𝑄̇𝑢 is the useful heat gain or energy gain and 𝑄̇𝑐  

is direct incoming solar radiation in Eqn. (8). These terms 

are further calculated by using following formulas: 

𝑄̇𝑢 = 𝑚̇𝑓𝐶𝑝𝑓𝛥𝑇𝑓 = 𝑚̇𝑓𝐶𝑝𝑓(𝑇𝑓𝑜 − 𝑇𝑓𝑖)𝑎𝑛𝑑  𝑄̇𝑐 =  𝐼𝐴𝑝   (9) 

2.2.2. Evaluation of heat transfer coefficient and 

Nusselt number 

The correlation developed by McAdams 56) is utilized to 

determine the coefficient of heat convection (hw) from 

ambient wind over the outer surface (i.e. wind flowing on 

top surface of glazing or transparent glass cover) having 

outside wind velocity (Vw): 

hw = 5.7+3.8Vw , where, (0 ≤ Vw ≤ 5 m/s).                 (10) 

2.2.3. Mass flow rate  

MFR of flowing fluid (air) across the flow section depends 

on air velocity and is evaluated as follows:  

𝑚̇𝑓 = ρair AfVair                            (11) 

Following correlations developed by Kays57) has been 

used to evaluate the convective HTC for the turbulent (Re 

≥ 2300) forced convection flow between the flowing fluid 

and toughened glass cover plate, and between the SAC 

and the bottom plate. 

ℎ = 
𝑁𝑢 𝐾 

𝐷ℎ
                     (12) 

Nusselt number is calculated by Dittus-Boelter’s 

Correlation58) given in eqn. (13) 

N𝑢 = 
ℎ 𝐷ℎ 

𝐾
 = 0.023 Re 0.8 Pr0.4 , when 160 ≥ Pr ≥ 0.7            (13) 

Where, hydraulic diameter (𝐷ℎ) =
 4 (Wetted Area) 

Wetted perimeter
=

 4Awet

Pwet
=

 4(w×h) 

2(w+h)
 

 

Hydraulic diameter is a characteristic length used to 

analyze flow and heat transfer in non-circular ducts for 

analyzing flow characteristics like pressure drop and heat 

transfer. Hydraulic diameter is crucial for calculating 

Reynolds and Nusselt numbers in non-circular ducts, 

enabling accurate modelling of airflow and heat transfer 

in solar air heaters. It also aids in determining pressure 

drop and pumping power using the Darcy-Weisbach 

friction factor, which relies on Reynolds number based on 

hydraulic diameter. 

2.3. Hydraulic performance analysis 

2.3.1. Reynold number 

Reynolds number is calculated by using following 

equation: 

𝑅𝑒 =
 𝜌𝑉𝐷ℎ 

 𝜇𝑎𝑖𝑟
=

𝑚̇𝑓 𝐷ℎ 

𝐴𝑓 𝜇𝑎𝑖𝑟
                                  (14) 

2.3.2. Friction factor 

Friction factor is calculated by Blasius Correlation58) 

given in Eqn. (15). 

f = 0.0791 (Re)-0.25, when, Re ≥ 4000                  (15) 

2.3.3. Pressure drop 

Pressure drop along the testing zone was calculated by 

Eqn. (16) with the help of friction factor obtained by Eqn. 

(15) 

𝛥𝑃 = 
 𝜌𝑎𝑖𝑟𝐿𝑡𝑉2

𝑎𝑖𝑟 𝑓 

2𝐷ℎ
                    (16) 
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3. Experimental setup design and 

fabrication 

Figure 2 present the pictorial view of a novel designed 

experimental setup of SAH. A rectangular duct SAH was 

designed and fabricated consisting of a SAC i.e. absorber 

plate; which is made of aluminium having triangular fins 

fixed on it. Triangular fins are attached with the absorber 

plate by the tungsten inert gas (TIG) welding process due 

to limitation of welding processes for aluminium material. 

Tungsten inert gas welding is also named as gas tungsten 

arc welding. Figure 2 presents the pictorial view of 

rectangular duct triangular finned SAH. The experimental 

setup features a newly designed absorber plate with 

triangular fins, arranged in cross (X) pattern to create 

more and more turbulence and enhance the HT rate. A 

rectangular wooden box has been designed according to 

the dimension of SAC to support it. The solar air collector 

has the rectangular geometry and measuring size of 1.22 

m x 0.455 m, made of aluminium (Al) sheet of thickness 

2 mm. Box is insulated from both inner and outer side with 

styrofoam and glass wool insulation of thickness 6 cm at 

inside and hitlon of thickness 3 cm at outside to prevent 

the heat loss. A toughened glass cover plate of thickness 

of 5 cm is attached on top of the wooden box to maintain 

the pressurized fluid flow and also prevent the up flow of 

air from the rectangular duct flow channel. Two ducts 

made of GI sheet of 18 gage is attached at the outlet and 

inlet of rectangular box. The designed of duct of SAH is 

according to ASHRAE standard. The length of inlet and 

outlet duct has been considered as L ≥ 5√(w × h) and L 

≥ 2.5√(w × h) respectively as stated by ASHRAE 

standard59), where ‘w’ and ‘h’ are the width and height of 

flow cross section of duct. Setup is supported by a steel 

frame attached with wheels so as to easy handling and 

transportation from one place to another place. SAH is 

installed on frame having inclination of 29º and has south 

direction such that the solar flux falls normal to the 

absorber plate. Setup consist of an instruments box for the 

safe and easy handling of instruments collecting of more 

accurate data during data recording. Thermocouples are 

attached at various locations to record the temperature at 

various locations on absorber plate. An air blower is 

attached at the inlet duct to ensure the continuous and 

uniform supply of air to the SAH.  

Air blower has six variable speed and is connected to the 

inlet duct by an air pipe. Digital micro-manometer is 

attached at the entry and exit of test zone to record the 

pressure drop along the testing zone. Pressure drop can 

also be measured by using mercury filled U-tube 

manometer. 

3.1. Design parameters for solar air heater 

Designed parameters for SAC and SAH are represented in 

Table 1. 

Experimental setup for SAH is designed and fabricated 

properly and based on solar-thermal technology, where 

heat is carried out in solar air dryer from solar air collector 

through a working fluid (air).  

3.2. Thermo-physical properties of working 

fluid 

Thermal and physical properties of air are presented in 

Table 2. 

3.3. Experimental procedure and methodology 

Based on previous research, a SAH operated on solar 

energy has to be theoretically designed. The theoretical 

design consists of the size of solar collector or absorber 

plate, absorber tray, ducts, design of fins, number of fins, 

arrangements of fins, the number of solar collectors, and 

the capacity and power of the blower or fans. After 

determining theoretically, the size of each component of 

the SAH, the triangular shaped finned SAH has to be 

installed at research location. The performance analysis of 

the SAH has to be calculated theoretically and 

experimentally and compared both results. The 

methodology for the design and analysis of SAH is 

presented in Figure 3. SAH works on solar-thermal 

technology. SAH is a sustainable and renewable energy 

heating technology. Solar flux direct incident on normal 

to the surface of glass cover plate and then heat coming  

Table 1: Designed parameters for absorber plate/solar air heater 

Sr. No. Parameters Value/Range/Material 

 Dimension 1.22 m x 0.455 m 

 Type of Collector/Absorber Plate Triangular Finned and Black Painted 

 Types of Glazing/Cover Plate Single Toughened Glass 

 Working Fluid Air 

 Flow Area of Duct 0.0192 m2 

 Thickness of Insulation (tb, te) 0.06 m, 0.03 m 

 Material of Collector Aluminium 

 Material of Fins Aluminium 

 Number of Fins 80 
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Fig. 2: Visual representation of experimental setup 

Table 2: Thermo-physical characteristics of circulating fluid (air).58,60) 

Sr. No. Properties of air/Parameters Value/Range 

 Working Fluid Ambient Air 

 Dynamic Viscosity of Air (μair)  1.846 × 10−5 Ns/m2 

 Specific Heat of Air (CP)  1.007 kJ/kg/K 

 Density of Air (ρair)  1.1614 kg/m3 

 Prandtl number (Pr) 0.7 

 

 

Fig. 3: Experimental procedure and methodology 

 

Fig. 4: Solar air heating and heat flow through solar air heater 

from solar energy is transferred from cover plate to the 

absorber plate. This heat from absorber plate is transferred 

to the cold air entering at the inlet of test section. This 

heated air is used for various heating applications. Heat 

flow phenomena are shown in Figure 4. Experiment was 

conducted at a location having latitude 28° 46' 22.80'' N  
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Table 3: Error in measuring instruments 

S. No.  Parameter  Error (%) 

1 k-type thermocouples 2 

2 Pyranometer (Solar Flux) 1.8 

3 Digital Anemometer  2.5 

4 Micro-Manometer 1.8% 

and longitude 78° 41' 19.66'' E with variation in MFR 

from m1=0.010 kg/s to m6=0.015 kg/s. An experimental 

study has been executed in the month of September 2023 

(for rainy season). Prior to initiating the air flow in the 

duct, all thermocouples were calibrated to ensure accurate 

room temperature readings, and a digital manometer is 

used to detect any potential leakage. The tests are 

performed under the steady-state conditions to record 

precise data on HT and fluid flow friction. Steady-state 

conditions are considered to be achieved, when the 

temperatures recorded by each thermocouple remain 

constant for a period of 5-10 minutes. As the study state is 

achieved test is performed on experimental setup for data 

recording purpose. All data were recorded throughout the 

day to account for the variation in solar flux with time. 

3.4. Measuring instruments  

Various measuring instruments such as digital thermo-

anemometer, solar power meter, micro-manometer etc. 

has been used to measure the velocity, solar flux and 

pressure drop. K-type thermocouple with digital 

temperature scanner was used at eight positions of 

absorber plate to find the mean temperature of AP. A pair 

of thermocouples was employed at the entry and exit 

section to find the outlet and inlet temperature of flowing 

fluid and one thermocouple was utilized to determine the 

glass cover temperature. Two K-type thermocouples were 

used, one at the fin’s base and other at the tip of the fin to 

record the temperature variation along the height of the 

fin. A blower of six adjustable speed was used to maintain 

the uniform velocity of circulating air along the test 

section of SAH. Solar power meter was used to find the 

variation in solar flux or solar intensity along the time of 

the day. The error in various components is represented 

by Table 3. 

4. Results and discussions 

The theoretical results computed from the theoretical 

modeled equation and the experimental result obtained 

from experimental setup has been discussed in this 

section. Theoretical result consists of variation of Re, Nu 

and HTC; with variation of MFR from m1=0.010 to 

m6=0.015 kg/s, respectively. Reynold’s number is 

varying from Re=14851 to Re=22342 with increase in 

MFR. General trends of increase in Re with MFR can be 

seen in numerical study while using semi-circular 

transverse rib61). As the Re is increased, heat transfer 

coefficient increased from 3.20 W/m2K to 13.84 W/m2K 

with the increased Nu from 10.38 to 14.40. The 

experimental results include the variation of circulating 

air temperature at outlet, inlet and solar flux, dependent on 

time of day62,63). Figure 9 shows the variation in irradiation 

level, ranging from 318 W/m² to 846 W/m², throughout 

the day, from 09:00 AM to 05:00 PM and maximum solar 

flux was found around 12:00 PM to 01:00 PM.  

4.1. Flow characteristics: heat transfer 

coefficient, Reynold’s number and Nusselt 

number 

As the MFR increased, both the fluid velocity and the 

Reynolds number were found to rise due to their 

interdependent relationship. At lower MFR, the Re was 

also found to be low. In this regime, the flow remained 

laminar, as the reduced mass flow rate resulted in lower 

velocities that were not enough to overcome the viscous 

forces. As a result, the flow remained steady and smooth 

with minimal turbulence64). 

This work presents that Reynold’s number is varying from 

Re=14851 to Re=22342 with the increase in MFR, shown 

in Figure 5, similar result presented in65–67). As the 

velocity increases the MFR increases, causes to increased 

Re. Nusselt number increases with the increase in MFR68). 

Another study shows that as the MFR increased, the Re 

increased significantly69). With the higher flow rate, the 

fluid velocity also rose, pushing the Re past the threshold 

where laminar flow transitioned into a turbulent regime. 

At this point, the fluid velocity became high enough for 

inertial forces to dominate over viscous forces, initiating 

turbulence70). Study has been found that at high mass flow 

rates, the Re reached its peak, and the flow became largely 

turbulent. The higher flow rate led to significantly 

increased velocities, which resulted in much higher 

Reynolds numbers. In this regime, the flow exhibited 

chaotic and irregular patterns, characterized by eddies, 

vortices, and turbulence71). 

The findings of this work shows that the Nu increases as 

the Re increases72), while the friction factor (FF) decreases 

with an increase in Reynold’s number73). This study 

examined the variation of the friction factor (f) and 

Nusselt number (Nu) as functions of the Reynolds number 

(Re) in a specific flow system. Figure 6 reveals the 

increase of Nu from 10.38 to 14.40, with the increase in 

MFR and Reynold’s number. The presence of a turbulator 

markedly enhances the Nusselt number by influencing 

both thermal energy transfer and flow dynamics, with 

effects varying by design74). Figure 7 reveals the variation 

of HTC with MFR. As the MFR increases Reynolds 

number shows the increasing trends from 3.20 W/m2K to 

13.84 W/m2K. A study found that increased Re and MFR 

enhance airflow turbulence, thereby improving 

convective heat transfer75).
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Fig. 5: Effect of mass flow rate on Reynolds number 

 

Fig. 6: Effect of mass flow rate on Nusselt number 

 

Fig. 7: Effect of mass flow rate on heat transfer 

coefficient  

As the Re increased, the Nu also increased, which aligns 

with the principles of convective HT. The Nusselt 

number, representing the enhancement of HT due to fluid 

motion, typically rises in turbulent flow. In laminar flow, 

HT is primarily or mainly due to the conductive mode of 

heat transfer, resulting in a lower value of Nu. As the 

Reynold’s number increases, the fluid flow becomes more 

and more turbulent, improved mixing of fluid and 

enhances heat transfer, leading to a higher Nusselt 

number. The study has been found that both the Nusselt 

number and the HTC increased with an increase in 

Reynolds number76). 

A study found that triangular rib roughness in triangular 

finned SAHs boosts the Nusselt number by 1.4 to 2.7 

times in comparison with smooth ducts77). 

4.2. Variation solar flux, inlet and outlet 

temperature 

Figure 8 shows that outlet temperature of air decreases as 

the MFR increased, faster the air flows through a system, 

the less time it will be in association with the collector. 

Maximum temperature of air was achieved to be 59 ºC at 

lowest MFR of m1=0.010 kg/s and minimum outlet 

temperature of 57 ºC at the highest MFR of m6=0.015 

kg/s, around 12:00 PM. A higher MFR of air lowers the 

outlet temperature because it reduces the contact time 

between the SAC and the air78). Outlet temperature of air 

is highest at lower mass flow rate because less quantity of 

air is retaining for more time duration inside the solar air 

heater. This is likely caused by the reduced channel 

height, which decreases the cross-sectional area of the 

airflow and results in a higher HTC on the AP surface. 

Consequently, the outlet temperature of the finned AP 

increased as the air carried away more heat. Therefore, the 

findings suggest that reducing the airflow's cross-

sectional area and increasing airspeed enhance the 

convective HT efficiency of the AP, causing a progressive 

enhancement in thermal efficiency of heat collector78,79). 

Figure 9 represent the time dependent behavior of solar 

flux. Variation of solar flux has been found from 436 

W/m2 to 318 W/m2 along the time of the day starting from 

morning 09:00 AM to 05:00 PM respectively with a peak 

value of 846 W/m2. Figure 10 represent variation of outlet 

and inlet temperature of air from beginning to end of day; 

temperature of inlet air was increased from 30 ºC to 47 ºC 

at starting of day around 09:00 AM when the MFR was 

0.010 kg/s. The temperature of inlet air was increased 

from 42 ºC to 59 ºC at lowest MFR 0.010 kg/s along with 

time of the day, and at a highest solar flux of 846 W/m2 

around 12:00 PM. Temperature of the inlet air was 

increased by 56.66 % to 40.47 % with changes in daylight. 

Solar flux is varying from 436 W/m2 to 846 W/m2; 

throughout the day due to increase in solar flux or solar 

intensity80). Maximum solar flux was found in between 

12:00 PM to 01:00 PM along the time of day. 

4.3. Variation of pressure drop with mass flow 

rate 

This study reveals that pressure drops of flowing air along 
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the rectangular duct of the SAH increase with the increase 

in MFR and Reynold’s number81). As MFR increases, air 

velocity rises, leading to more friction and a higher PD, 

since pressure drop is proportional to the square of 

velocity. At low MFR, the flow is typically laminar with 

lower friction. As flow rate increases, the flow becomes 

turbulent, causing more energy loss and a larger PD. This 

transition is indicated by an increasing Reynolds number. 

Figure 11 present the experimental pressure drop result 

obtained by the data recorded from digital micro-

manometer. This study shows the increase in pressure 

drop from 6 N/m2 to 18 N/m2; with the escalation in MFR 

ranges from 0.010 kg/s to 0.015 kg/s, respectively. Peak 

pressure drop has been recorded at the higher MFR of 

0.015 kg/s. Study aims to minimize the pressure drop (PD) 

along the duct of SAH; minimum pressure drop achieved 

at a minimal MFR of 0.010 kg/s. Pressure drops increases 

along the length of AP, due to the friction between AP and 

flowing air. Similar trends of increase of pressure drop 

were shown by a different study82).  

4.4. Comparison in pressure drop of 

theoretical and experimental result  

Figure 12 shows the comparison between the theoretical 

pressure drop result obtained by theoretical analysis and 

experimental pressure drop result obtained by recording 

data from digital micro-manometer. There is variation in 

the result obtained from theoretical calculation and 

experimental analysis, this variation in both results found 

to be less at lower MFR of 0.010 kg/s and more at higher 

MFR, as shown in Figure 12. This work found minimum 

variation of 6.25 % in theoretical and experimental 

pressure drop at MFR of 0.010 kg/s; while the maximum 

variation of theoretical and experimental result of 30.55 % 

at MFR of 0.015. Variation in pressure drop obtained by 

theoretical and experimental result increases as the MFR 

increases, due to the presence of more and more fins. 

Researcher has investigated the similar trends in variation 

of pressure drop (PD) with MFR. Fins are used to enhance 

convective HT; however, because of presence of multiple 

obstacles or fins attached with absorber plate, there is a 

slight chance that the PD may increase83). Also, with the 

increases in MFR, pressure drops increases due to the 

higher velocity of airflow84). 

4.5. Effect of mass flow rate and Reynold’s 

number on the friction factor 

The results of this study indicate that the friction factor 

(FF) was observed to be decrease as the Re increased. As 

the Re increases, both the FF and Stanton number 

decrease, primarily because inertial forces surpass viscous 

forces, reducing flow resistance85). Figure 13 reveals that 

the FF decreases from 0.0065 to 0.0058 as the MFR 

increases ranges from 0.010 to 0.015 kg/s. Higher values 

of friction factor is obtained at lower MFR of 0.010 kg/s  

 

Fig. 8: Outlet temperature variation over the day at 

different mass flow rates 

 

Fig. 9: Time-dependent behavior of solar flux 

and lowest value of friction factor was found at highest 

MFR of 0.015 kg/s. At lower Reynold’s numbers, the flow 

is predominantly laminar, which results in a higher value 

of FF. As the Re increases, the flow converted from 

transitions to turbulence, where inertial forces dominate 

over viscous forces, leading to a reduction in the friction 

factor. This behavior is characteristic of flow in pipes or 

ducts, where higher Reynolds numbers decrease the 

frictional resistance due to enhanced mixing and a thinner 

laminar sublayer. Similar results were obtained by many 

researchers from the study of finned type SAH86–88). Less 

viscous force at high MFR reduces the frictional 

resistance offered, leads to lower friction factor89). 

5. Conclusions 

The theoretical results derived from the modeled 

equations and the experimental results obtained from the 

experimental setup have been analyzed and discussed in 

result section and it has been concluded as following: 
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Fig. 10: Variation of inlet and outlet air temperature over 

the time of day. 

 

Fig. 11: Pressure drop variation with mass flow rate 

 

Fig. 12: Comparison in pressure drop of theoretical and 

experimental result 

The theoretical results show that as the MFR increases 

from 0.010 kg/s to 0.015 kg/s, the Reynolds number rises 

from 14851 to 22342. Consequently, the heat transfer 

coefficient increases from 3.20 W/m²K to 13.84 W/m²K, 

and the Nusselt number increases from 10.38 to 14.40. 

The Nu is found to increase with both the Re and MFR. 

 

Fig. 13: Friction factor variation with mass flow rate  

The experimental results reveal the variation of outlet and 

inlet air temperatures, as well as solar flux, throughout the 

day. Solar flux varied from 332 W/m² to 846 W/m² 

between 09:00 AM and 05:00 PM, with the peak solar flux 

observed between 12:00 PM and 01:00 PM. Experimental 

result of the designed triangular fined SAH shows, the 

maximum outlet temperature of the flowing air, which 

was achieved to be 59 ºC at MFR of 0.010 kg/s and solar 

flux was 846 W/m2. Maximum rise in temperature of inlet 

air was achieved to be 24 ºC around 12:00 PM. The 

maximum air temperature of 59 ºC was reached at the 

lowest MFR of 0.010 kg/s, while the minimum outlet 

temperature of 57 ºC occurred at the highest or peak MFR 

of 0.015 kg/s, around 12:00 PM. Temperature of the inlet 

air was increased by 56.66 % to 40.47 % along the time of 

day at the lowest MFR of 0.010 kg/s. Solar flux is varying 

from 436 W/m2 - 846 W/m2; with the time of the day. 

This study reveals that the pressure drops increase from 6 

Pa to 18 Pa as the MFR ranges from 0.010 kg/s to 0.015 

kg/s. Maximum pressure drop obtained at the highest 

MFR. The goal of minimizing pressure drop along the 

SAH duct was attained at the lower MFR of 0.010 kg/s. 

This study found a minimum variation of 6.25% in 

pressure drop (PD) between analytical and experimental 

results at a MFR of 0.010 kg/s, and a maximum variation 

of 30.55% at MFR of 0.015 kg/s. The variation in PD 

increased with higher MFR because of the presence of 

more fins. 

This study reveals that the FF decreases as the Re 

increases. The FF drops from 0.0065 to 0.0058 as the 

MFR increases from 0.010 to 0.015 kg/s. At lower 

Reynold’s numbers, the flow is laminar, leading to higher 

values of FF. As the Reynold’s number increases, the flow 

transitions to turbulence, where inertial forces dominate, 

leading to a reduction in the friction factor. 

Merits and Demerits of SAH 

Solar air heaters (SAHs) have advantages over 

conventional heating systems due to their use of 

renewable energy technology, offering eco-friendliness, 
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low operating costs, and minimal maintenance. They 

effectively use solar energy for heating and crops drying, 

making them ideal for remote or off-grid areas. However, 

SAHs have some limitations, including reliance on 

sunlight, lower thermal efficiency, and limited heat 

output. They are less effective in cloudy conditions or at 

night operation, and some designs are bulky, requiring 

large surface areas for adequate energy collection. 

Future research scope 

Future research on SAHs should aim to boost thermal 

efficiency and cost-effectiveness by developing advanced 

materials for absorber plate, advance storage material, 

innovative absorber designs, and improved airflow 

mechanisms. Promising areas include integration with 

thermal storage, hybrid systems with photovoltaics, 

hybrid solar system combining panel cooling and air 

heating, and the use of automation and machine learning 

for real-time monitoring and performance optimization 

across varying climates. Efficient and cost-effective 

design can be developed also by using some optimization 

techniques like Rao algorithm, Response Surface 

Methodology (RSM), Taguchi, and Genetic algorithm 

(GA). 
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Nomenclature 

AP Surface area of collector or absorber 

plate exposed to solar radiation (m2) 

Af Fluid flow area (m2) 

AC Surface area of glass cover plate (m2) 

Tf Mean fluid temperature (K) 

Tfi Inlet temperature of flowing fluid or Ti 

(K) 

Tfo Outlet temperature of flowing fluid or 

air (K) 

Tair Temperature of atmospheric air (K) 

TC Temperature of toughened glass cover 

plate (K) 

TP Mean temperature of collector or 

absorber plate (K) 

Cpf Specific heat of air (J/kgK) 

I Incident solar radiation or Solar flux 

(W/m2)  

hcf  Heat transfer coefficient between cover 

plate and flowing fluid (W/m2 K) 

hpf  Heat transfer coefficient between 

absorber plate and flowing fluid (W/m2 

K) 

Utl Top heat loss coefficient (W/m2 K) 

Ubl Bottom heat loss coefficient (W/m2 K) 

Uel Edge heat loss coefficient (W/m2 K) 

U Total heat loss coefficient (W/m2 K) 

f Friction factor 

Pr Prandtl number 

FR Collector heat removal factor 

Re Reynold’s number 

Nu Nusselt number 

Q̇u Useful heat gain (W/m2) 

Q̇c Incident solar flux (W/m2) 

ṁf Mass flow rate of air (kg/s) 

Dh Hydraulic diameter (m) 

K Thermal conductivity of fluid (air) 

Pa Pascal (N/m2) 

Abbreviations  

SAC  Solar air collector 

PD Pressure drop  

FF Friction factor 

SAH Solar air heater 

AP Absorber plate 

THP Thermo-hydraulic performance 

ASHRAE American Society of Heating, 

Refrigerating and Air-Conditioning 

Engineers 

Al Aluminium 

HTC Heat transfer coefficient 

TIG Tungsten Inert Gas 

MFR Mass flow rate 

Greek symbols 

α Absorptivity of Al absorber plate or collector 

εp Emissivity of Al absorber plate or SAC 

εc Emissivity of toughened glazing 

ρair Density of flowing fluid (kg/m3) 

σ Steafan-Boltz’s man constant 

μair Dynamic viscosity of flowing fluid (N-s/m2) 

τ Solar transmittance of glazing  

ηth Thermal efficiency 

ΔP Pressure drop 
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