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1. Introduction 

Solar energy is considered one of the most 

promising future sources as a result of its cost-free, 

clean, and readily accessible characteristics [1,2]. 

Several solar air heater (SAH) types were used to 

convert solar energy into thermal energy [3] 

systematically. Among the current solar thermal 

technologies, SAHs are extensively utilised for 

space heating, agricultural product drying, and 

A B S T R A C T 

This research assesses the heat transfer and performance attributes of the double-pass 

air heater (DPSAH) integrated with turbulators through a 3D CFD simulation 

methodology. DPSAH setup comprises of a rectangular channel divided by an 

absorber plate with double baffles; the lower side of the plate provides five fins in the 

flow direction, while the upper side of the plate provides eight different geometries. 

The numerical model has been validated against analytical and experimental findings 

gathered from the open literature with a satisfactory degree of deviance. Results 

demonstrate that wave plates improve heat transfer relative to smooth surfaces. This 

signifies that THPP increases with increasing Reynolds number. Although increased 

friction and decreased pressure require enhanced pumping power to maintain mass 

flow, the efficiency advantages at higher Reynolds numbers justify the extra energy 

expenditure. The turbulator significantly enhances the operational efficiency of the 

DPSAH in the absorber section. The wave plate exhibits a markedly elevated exit 

temperature and sufficient performance compared to the other cross-sectional 

geometries. Numerical estimations suggest that a waved surface can enhance the 

efficiency of a solar air heater by 14%. The results indicate an elevated airflow rate 

resulting from a reduced outlet temperature and an enhanced pressure drop. 
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photovoltaic cooling [4,5]. SAH is a system that 

uses an absorber to convert solar energy into thermal 

energy to heat air that circulates via a duct. The air is 

heated through contact with the absorbing plate, 

which transfers the captured solar heat to the 

circulating air that departs via the output duct, 

supplying warm air for diverse heating applications 

[6-8]. Nonetheless, a significant drawback of SAH is 

the diminished convective heat transfer between the 

absorbing plate and the ambient air. This 

phenomenon is chiefly attributed to the formation of 

a Laminar Sub-Layer (LSL) on the heat-exposed 

surface, hence affecting the overall system 

efficiency and performance [9-12]. 

Numerous studies have sought to advance the 

heat transfer rates in SAH by adjusting the design of 

the absorber plate. The solar air collector's 

performance in North Eastern India's climates was 

experimentally examined by Debnath et al. 2018 

[13]. The findings indicated that the double-glazing 

absorber plate consistently demonstrates superior 

performance from both exergy and energy 

perspectives. A rise in air mass flow rate can lead to 

enhanced energy competence. Implementing 

corrugated plates can also result in a 14% increase in 

energy efficiency. The peak improvement in exergy 

competence for the double-glazing collector is 

6.867% at a mass flow rate of 0.0118 kg/s in 

comparison to the single-glazing collector.  

The thermal performance of an impinging jet 

double-pass solar air heater was experimentally 

explored by Singh et al. 2020 [14]. The maximum 

thermal efficiency and thermo-hydraulic efficiency 

achieved for SAH without porous media are 94% 

and 84%, respectively, representing an increase of 

approximately 7.5% and 19% in comparison to SAH 

with porous media.  

The performance of an SAH was experimentally 

presented by Hassan and AboElfadl, 2021 [15]. The 

supreme transverse SAH energy efficacy value of 

approximately 89% was attained under double-pass 

airflow conditions and a high air mass flow rate of 

0.075 kg/s, representing a 24.2% improvement 

relative to flat plate SAH. Although the air pumping 

power of transverse SAH exceeds that of flat plate 

SAH, its impact on net energy gain was minimal. 

Iqbal et al. (2023) [16] numerically evaluated a 

new configuration of SAH that features an integrated 

setup of impinging air jets and rectangular-sectioned 

V-ribs on the absorber surface. The results showed a 

significant increase of 3.36 in Nusselt number and 

5.31 in friction factor compared to traditional SAHs 

under similar boundary conditions. The research 

concluded that the proposed jet cooling 

configuration with rectangular-sectioned V-ribs is an 

effective way to enhance SAH performance.  

A trapezoidal rib was studied to advance the 

thermal action of the SAH by Hamad et al. (2023) 

[17]. The flow and heat transfer characteristics were 

numerically analysed utilising an RNG k-turbulent 

model predicated on the Reynolds number. The 

findings indicated that optimal thermal performance 

of the solar collector occurred when the ribs were 

affixed and removed from the inner wall surface, 

with an enhancement in the height of the trapezoidal 

ribs oriented against the airflow for all rib 

configurations. The thermal performance exhibited 

its lowest levels in scenarios where the attached or 

detached trapezoidal ribs' height increased in the 

airflow direction.  

Singh and Kumar (2024) [18] focused on 

experimental and simulation efforts aimed at 

optimising the thermal characteristics, specifically 

the friction factor (f) and Nusselt number (Nu), 

alongside the roughness configurations defined by 

e/Dh, e/d1, and d1/d2 for frustum-shaped roughened 

elements. The results indicated that the optimal 

value of Nu = 256.77 can be observed at 'e/Dh', 

'e/d1', and 'd1/d2' ratios of 0.043, 0.98, and 2.33, 

respectively, while using Re = 12500. The friction 

factor reached its minimum value of 0.009 at the 

following parameters: e/Dh = 0.014, e/d1 = 1.44, 

d1/d2 = 2.06, and Re = 12158 via maximising the 

value of Nu to 256.77 and minimising the value of f 

to 0.009, which achieved the desirability of 0.0905.  

Chang et al. (2024) [19] investigated the 

influence of the number of transverse baffles (N) on 

flow and heat transfer features in SAHs, indicating 

that an increase in N can result in a corresponding 

rise in both the intensity and size of the vortex 

zones. This change significantly affected the heat 

transfer dynamics between the air and the absorber 

plate. Amongst the analyzed values of N (2, 4, 6, 

and 8), at a flow rate of 0.026 kg s−1, N = 4 

demonstrated the highest competence, recorded at 

54.32%. In contrast, for mass flow rates of 0.039 

kg/s, 0.052 kg/s, 0.065 kg/s, and 0.078 kg/s, the 

maximum competence was recorded at N = 6, 

yielding values of 60.03%, 63.78%, 64.39%, and 

64.38%, respectively.  

Yusaidi et al. (2024) [20] presented an 

investigation that includes both theoretical and 

experimental analyses regarding the impact of a 

DPSAH using staggered-diamond-shaped fins. The 

maximum thermal efficacy achieved in both 

experiment and simulation was 59.34% and 62.01%, 

respectively, at a mass flow rate of 0.0261 kg/s 

under solar irradiance of 1000 W/m2. The mass flow 
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rate rose from 0.01044 kg/s to 0.0261 kg/s, resulting 

in an enhanced energy efficiency of the collectors.  

Salarpour and Azadani (2024) [21] presented an 

analysis of the fluid flow and heat transfer features 

of SAHs featuring six distinct roughness geometries: 

inline cubical elements, rectangular baffles, 

staggered cubical elements, V-shaped baffles, square 

ribs, and V-shaped ribs. The results indicated that 

the rectangular baffles can exhibit the highest 

Nusselt number and thermo-hydraulic performance 

parameter, whereas the inline cubical elements 

demonstrated the lowest performance.  

Rawat and Sherwani (2024) [22] presented a 2D 

transient model for an SAH incorporating phase 

change material (PCM). The findings indicated that 

an increase in the thickness-to-length ratio (t/L) can 

result in an enhancement in peak liquid fraction. 

Thus, the system's exergy and energy efficacies were 

enhanced. In a single pass flow system, the 

optimisation of t/L at 0.042 can result in a peak 

liquid fraction of 0.928, a decrease in dead length by 

92.28%. In a double-pass flow system, the optimised 

t/L ratio of 0.058 yielded a peak liquid fraction of 

0.976.  

Dong et al. (2025) [23] investigated a cost-

effective and well-organized approach to improve 

the energy productivity of progressive 

photovoltaic/thermal (PV/T) collectors. In 

comparison to a fixed PV/T system lacking a 

reflector, the multi-hybrid approach demonstrated a 

relative enhancement of 17.76% in thermal gain and 

13.61% in electrical gain for the innovative PV/T 

configuration featuring graphite and trapezoidal 

fluid channels. This corresponds to energy outputs 

of 39.5 MJ and 7.8 kWh, based on an effective area 

of 2.08 m². The literature review has been condensed 

and displayed in Table A1 of Appendix A. 

Previous investigations on SAHs have 

predominantly concentrated on the influence of 

baffle geometry and dimensional alterations; 

however, a comprehensive assessment of the dual 

positioning of baffles on both the upper and lower 

surfaces of the absorber plate in double-pass solar 

air heaters (DPSAHs) has not been conducted yet. 

The current research attempts to fill this gap in the 

open literature by employing advanced three-

dimensional numerical simulations to systematically 

examine the thermo-hydraulic behavior across 

diverse baffle shapes and strategic placements. The 

research explicitly evaluates and compares the local 

convective heat transfer coefficients, thermal 

efficiency, and overall thermo-hydraulic 

performance of the analysed models. This research 

presents a novel investigation of baffle placement 

within the air channel of DPSAHs, demonstrating 

that thermo-hydraulic performance can be 

significantly enhanced not only by modifying baffle 

geometry but also through their strategic positioning. 

2. Numerical method 

2.1 Physical model 

The numerical simulations for airflow in the 

DPSAH were precisely carried out using COMSOL 

Multiphysics 6.1. This process involves accurate 

modeling of the flow domain geometry, careful 

mesh generation, and thorough equation solving, all 

performed seamlessly within the COMSOL 

environment. This comprehensive approach 

guarantees both the accuracy and reliability of the 

current simulation results [24-28]. 

2.2 Geometry 

The DPSAH configuration comprises a 

rectangular channel divided by an absorber plate. A 

schematic representation of the DPSAH is depicted 

in Fig. 1. The channel sizes are 86 cm long, 40 cm 

wide, and 9.5 cm high. An aluminum absorber with 

a thickness of 1 mm is used, featuring rectangular-

section fins on its bottom surface. Details of the 

impingement plate are presented in Table 1. Figure 2 

illustrates the superior perspectives of a segment of 

the absorber section featuring various roughness 

geometries. The roughness characteristics evaluated 

in this research are also displayed in Fig. 2. Six 

different roughness geometries, comprising 

corrugate plate, wave plate, orifice fins in line, 

orifice fins staggered, V-ribs in line, V-ribs 

staggered, S-ribs in line, S-ribs staggered, are 

utilised. 

Table 1. Dimensions of the main parts of the 

DPSAH model 

Dimension Value (cm) 

Glass cover 86x40x0.4 

Absorber plate  80x40x3.5 

Aluminum fins 80x0.5x4 

Number fins  5 

Air cover 86x40x9.5 

Space between the glass cover and 

the Absorber plate 

2 

Space between the back cover and 

plate 

4 
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Figure 1. A schematic diagram of the DPSAH 
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Figure 2. Various roughness geometries used in the current research: (a) corrugate plate, (b) wave plate, (c) orifice 

fins in line, (d) orifice fins staggered, (e) V-ribs in line, (f) V-ribs staggered, (g) S-ribs in line, (h) S-ribs staggered 
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2.3 Assumptions 

The succeeding presumptions were considered in 

the formulation and solution of the present DPSAH 

simulation model:  

1.To effectively optimise the numerical analysis 

of incompressible and turbulent fluid flows through 

channels, the RANS k-ε model was strategically 

employed to investigate minimising DPSAH. This 

approach streamlines computational efficiency and 

enhances the accuracy of the results. 

2.Analysing unsteady-state conditions related to 

three-dimensional heat transfer within a 

computational domain is essential to improve the 

understanding of thermal behaviors. By carefully 

examining these dynamic processes, more accurate 

predictions can be made, and optimising the designs 

would result in more efficient thermal management 

solutions. 

3.The bottom and side surfaces of the DPSAH air 

channel are meticulously insulated, ensuring they are 

entirely adiabatic. This strategic design would 

enhance the thermal efficiency by minimising heat 

loss, making the system more effective and reliable.  

4.Temperature significantly influences the fluid's 

thermo-physical features, highlighting the critical 

importance of temperature dependence in 

understanding fluid behavior. 

5.The DPSAH's physical characteristics, such as 

viscosity, density, heat capacity, and thermal 

conductivity, are temperature-dependent. 

6.The temperature of ambient conditions and 

solar radiation varies with time, illustrating the 

dynamic relationship between environmental factors 

and their effects throughout the day. 

2.4 Initial and Boundary Conditions  

Based on the computational domain shown in 

Figure 3, the initial and boundary conditions for 

fluid and solid walls are as follows: 

1- Solid surface (Walls Heat Transfer): The 

no-slip condition applies to solid walls, where the 

velocity components were set to zero (u = 0, v = 0, 

w = 0). Also, there was no thermal jump at the wall 

surface. The adiabatic condition holds for insulated 

surfaces (q = 0 or dq = 0). 

2- Aluminum Plate: The boundary walls are in 

non-slip conditions, and the sides of the aluminum 

layers are assumed to be thermally insulated. The 

interfaces between the aluminum and the channels 

are considered coupled interfaces. 

3- Fluid flow: The inlet air temperature with 

air velocity, and at the outlet of the channel was 

"Pressure Outlet" with a static pressure of p 0. 

Gravity has not been factored into this simulation. 

Gin

 
Figure 3. 3-D schematic view and boundary 

conditions 

2.5 Governing equations 

The fluid flow and heat transfer features of air in 

DPSAH were investigated numerically by solving 

the Reynolds-Averaged Navier-Stokes (RANS) 

correlations alongside the energy correlations. These 

governing correlations were solved using the Finite 

Volume Method, a numerical approach. The RANS 

equations are derived by disintegrating the flow 

variables into time-averaged and fluctuating 

components. This involves replacing the 

decomposed variables into the continuity, 

momentum, and energy correlations and then time-

averaging the results. The RANS relationships can 

be mathematically expressed as follows [29,30]. 

Continuity Equation: This equation demonstrates 

how mass is maintained constant in a control 

volume. It states that, in the absence of net creation 

or loss of mass, the rates of entry and exit of mass 

into and out of a system are equal. 

 

                   (1) 

Momentum Equation: This equation, which comes 

from Newton's second law, explains how 

momentum is conserved. The left-hand side shows 

the transient and convective acceleration, and the 

right-hand side shows the pressure forces, viscous 

forces, and body forces (like gravity). It controls 

how the system's velocity fields change [30,31]. 
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            (2) 

            (3) 

            (4) 

V and u, v, w, are the flow vector velocity and 

velocity components in (x, y, z) space. t is the 

operational time, and f is the body force per unit 

mass.  is absolute viscosity, and ρ is air density.  

Energy Equation: This equation prevents energy 

loss. Energy storage and unstedy distribution are 

shown on the right side, while conduction is shown 

on the left side. Understanding the distribution of 

heat across the working fluid and the boundaries of 

the system depends on it [30,31]. 

                               (5)       

For the SAH absorber plate and airflow [29-31]: 

                  (6) 

k is the thermal conductivity, and  signifies the rate 

of heat source within the material per unit volume. 

The turbulence kinetic energy (k) and its dissipation 

rate (ɛ). Eq. 7 can determine the turbulence kinetic 

energy (k) [29-31], 

                                              (7) 

Eq. 8 signifies the rate of dissipation (ɛ) [29-31], 

                                                                            (8)  

Referring to Sk and , it can be quantified as a 

constant or user-defined source term, but it is 

considered zero by default. Eq. 9 can be used to find 

the turbulent viscosity.  [29-31], 

                                (9)                     

The mean velocity gradients  can be estimated 

using Eq. 10, which can signify the generation of 

turbulence kinetic energy [29-31], 

                                            (10)  

The Reynolds stresses   is stated as 

follows [29-31], 

                                                                              (11)                                  

 are the fluctuating velocity components 

(i=1, 2, 3). The buoyancy  can be expressed in 

the following equation, which can be used to 

generate the turbulence kinetic energy [29-31], 

                                              (12)                      

Is the component of the gravitational vector. 

is the turbulent Prandtl number for energy 

( , and is the coefficient of thermal 

expansion. 

The fluctuated dilatation in compressible turbulence 

to the overall dissipation rate is represented in Eq. 

13 [29-31], 

                                                    (13) 

 are the turbulent Prandtl numbers for k 

and ɛ, and the model constants have the following 

default values [32]:  = 1.44,  = 1.92,  = 

1,  ,  1.3, = 0.09 

2.6 Performance parameter 

The assessment of the collector's performance is 

carried out by analysing the key parameters, namely 

the average Nusselt number (Nu), the coefficient of 

friction (f), and the thermal-hydraulic performance 

parameter (THPP) across a range of Re as elucidated 

below. 

                        (14) 

           (15) 

The hydraulic diameter ( ) for the rectangular 

channel of the SAH can be calculated as follows 

[32]. 
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                                                           (16)                                                  

The convection heat transfer coefficient can be 

evaluated based on experimental data using the 

following equations [33].  

                                                  (17)                                          

 Is the heat transferred from the DPSAH 

absorber plate to the air as depicted in Eq. 19 [34], 

                                (18)                                                                                                  

The high-pressure loss produced in an enlarged fan 

is due to energy use. Therefore, this research 

presented the notion of efficiency of cf = 0.18 to 

balance both collection efficacy and pressure loss 

[35,36].  

                       (19) 

The non-dimensional friction coefficient (f) can be 

calculated using Eq. 21 while considering the 

average velocity ( ), and pressure drop per unit 

length (∆p/l), as follows [17]. 

f=                                                    (20) 

THPP =                                        (21) 

In the base mode, where no turbulator is presented 

inside the SAH, (Nu) and the friction factor can be 

assessed. Another significant consideration is the 

pumping power, which openly affects the economic 

viability of the system, which can be assessed 

utilising the following relationships [17].  

                     (22) 

                      (23) 

                                                   (24) 

2.7 Mesh Generation 

The mesh tool in COMSOL Multiphysics 6.1V 

was utilised to form the structural mesh of SAH by 

dividing the computational domain into a large 

number of individual elements that differ in shape 

and size to solve mathematical equations and 

analyse the flow field, as shown in Fig. 4. The data 

of the mesh independence test for the outlet 

temperatures are depicted in Fig. 5. Fig. 5 shows 

changes in outlet temperature with the number of 

elements. Therefore, simulations are the best outlet 

for 1.05 million elements. The flow turbulators and 

absorber plates are shown to have small element 

sizes for the accuracy of the solution. 

 
Figure 4. Meshing generation 

 

Figure 5. Changes in outlet temperature against the 

number of elements 

3. Results and Discussion  

To authenticate the accuracy of the current 

numerical models, the temperature contours of the 

absorber plates from the numerical findings of 

Chang et al. 2024 [19] were compared against the 

currently predicted outcomes, as illustrated in Figure 

6. The temperatures of the simulated absorber plates 

matched well with the results of Chang et al. (2024) 

[19]. The most significant and average relative 

variances of the temperatures are 128 °C and 130 

°C, respectively. The experimental results of the 

SAH provided by Abd et al. (2022) [37] were also 

compared against the current results, as shown in 

Figure 7. The simulated efficiency closely aligned 

with the experimental results. The extreme and 

average relative efficiency deviances are 66% and 

70%, respectively. The discrepancies between the 

calculated efficiency and the experimental results 

can be attributed to the constant ambient wind 

velocity assumption in the current simulation.  
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Figure 8 illustrates the patterns of solar radiation 

and ambient temperature for January 12, 2025. Solar 

radiation increases from 9 AM to 2 PM and 

diminishes thereafter. The results indicate that this 

day's maximum solar radiation value was 750 W/m² 

(at 2 PM). The maximum variation in ambient 

temperature did not exceed 10 °C. Furthermore, the 

results indicate that the maximum ambient 

temperature for this day was recorded at 35 °C (at 1 

PM). 

Figure 9 illustrates the airflow velocity 

streamlines within the double-pass solar collector. It 

also demonstrates that using a roughness plate in the 

channel can correlate with an increased turbulent 

flow regime. Specifically, this results from the 

mixing effect produced by the air and fins. The 

turbulent flow can impact the heat transfer rate, 

resulting in an elevated exit temperature. Due to the 

absence of fins, it achieves a standard air distribution 

after traversing the lower section.  

   
Current research (Chang et al., 2024) 

[19] 

 

Figure 6. Temperature contours of the absorber 

plates validation 

 

 

Figure 7. Efficiency comparison against the 

experimental results of [37] 

 

Figure 8. Deviation of the solar radiation and 

ambient temperature 

 
(a) 

 
(b) 

 
(c) 
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(d) 

 
(e) 

 
(f) 

(G) 

 
(H) 

Figure 9. Velocity streamlines within the double-

pass solar collector. (A) corrugate plate, (B) wave 

plate, (C) orifice fins in line, (D) orifice fins 

staggered, (E) V-ribs in line, (F) V-ribs staggered, 

(G) S-ribs in line, (H) S-ribs staggered 

 

To further elucidate the effect of the revised 

arrangement of the absorber plate on system 

performance, the fluctuations in plate temperature 

(TP) and outlet temperature (Tout) have been 

depicted in Figure 10. Figure 10 demonstrates that 

Tout and TP commence their rise after 9 AM, 

reaching the maximum value at 2:00 PM and 

dropping after 3 PM. The optimal values of Tout 

have consistently been identified when employing 

wave plate configurations. In contrast, the peak 

values of TP have been noted across all 

configurations compared to the smooth variant. This 

indicates that the wave plate structure is more 

effective than alternative methods for heat transfer 

processes. Figure 11 illustrates the variation of 

effective efficiency across all roughness geometries. 

The effective efficiency of the rough duct across all 

roughness geometries exceeds that of the smooth 

duct. In all instances, the effective efficiency 

remains elevated across all roughness geometries, as 

a rise in the Re augments flow turbulence, reduces 

the thickness of the thermal boundary layer, and 

recovers the convective heat transfer rate. An 

analysis of the presentation of various roughness 

setups is depicted in Figure 11, which reveals that 

orifice fins and inline elements exhibit the lowest 

effective efficiency, whilst the wave plate 

demonstrates the highest effective efficiency. 
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(a) 

 
)b) 

Figure 10. Variation of the temperature in SAH, (a) 

plate temperature, (b) outlet temperature 

 

Figure 11 illustrates the variation of effective 

efficiency across all roughness geometries. The 

effective efficiency of the rough duct across all 

roughness geometries exceeds that of the smooth 

duct. In all instances, the effective efficiency 

remains elevated across all roughness geometries, as 

a rise in the Re augments flow turbulence, reduces 

the thickness of the thermal boundary layer, and 

recovers the convective heat transfer rate. An 

analysis of the presentation of various roughness 

setups is depicted in Figure 11, which reveals that 

orifice fins and inline elements exhibit the lowest 

effective efficiency, whilst the wave plate 

demonstrates the highest effective efficiency.  

 
Figure 11. Variation of effective efficiency across all 

roughness geometries 

Thus, Figures 10 and 11 can provide conclusive 

evidence that the wave plate outperforms the other 

configuration for effective efficiency and outlet 

temperature. Thus, the current research focuses on 

the performance of the SAH when wave plates are 

used as absorber plates. 

Figure 12 illustrates the pressure drop and output 

temperature over time at various mass flow rates for 

the SAH with a wave plate as an absorber plate. The 

pressure decrease is a notable concern pertinent to 

this topic, which must be incorporated into the 

ongoing inquiry. The results indicate that the 

pressure drop has increased with an air mass flow 

rate elevation.  

At a solar irradiation of 650 W/m², the maximum 

recorded outlet temperatures are 50 °C, 45 °C, and 

40 °C for mass flowrates of 0.01 kg/s, 0.015 kg/s, 

and 0.02 kg/s, respectively. This implies that a rise 

in mass flow rate can cause a reduction in the outlet 

temperature. Accordingly, it can be said that a rise in 

the air flow rate can minimise the total heat loss. 
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Figure 12. Pressure drop and output temperature 

against time at various mass flow rates for the SAH 

with a wave plate as an absorber plate 
 

Figure 13 illustrates the power consumed to generate 

the required mass flow rate, which is naturally 

increased as a result of the rise in the flow rate and 

associated high pressure drop, with an increase near 

the expansion. Thus, it can be said that a high flow 

rate can ascertain a higher generated power. 

 

 
Figure 13. Mass flow rate and hydraulic power  

 

Figure 14 illustrates the fluctuation of the 

average Nu about the Re for two scenarios: one with 

a wave plate and the other with a smooth plate. The 

average Nusselt number is detected to grow with a 

rise in the Re, which is consistent with the existing 

understanding. As the Re increases, the thickness of 

the laminar sub-layer diminishes, leading to 

improved heat transmission due to the eddies and 

circulations generated by the wave plate. The 

improvement in heat transfer rate surpasses that of 

the smooth surface. The wave plate's precise 

configuration can significantly influence the 

magnitude of this enhancement. 

 
Figure 14. Nusselt number as a function of the 

Reynolds number 

 

Figure 15 illustrates the correlation between the 

average f in two scenarios: one with a wave plate 

and the other with a smooth plate. The average f 

diminishes as the Re rises. The average friction 

coefficient with the wave plate is greater than that 

without it or in a smooth duct across the whole range 

of Re. 

 
Figure 15. Friction factor as a function of the 

Reynolds number 
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Figure 16 illustrates the relationship between 

thermos-hydraulic performance (THPP) and 

Reynolds number in the wave plate SAH. It 

indicates that as the Reynolds number grows, the 

value of THPP also rises. The acquired values for 

THPP exceed 1, indicating that the increase in heat 

transfer from the plate to the air surpasses frictional 

losses or pumping power. 

 
Figure 16. THPP as a function of the Reynolds 

number  

4. Conclusions 

The current research examined the thermal and 

frictional properties of an SAH fitted with 

turbulators of diverse forms and setups. The 

emphasis was on contrasting the performance of the 

SAH equipped with turbulators against a smooth 

SAH devoid of them. The principal conclusions of 

the study can be encapsulated as follows. 

1- A turbulator in the absorber portion markedly 

improved the thermal performance relative to a 

smooth SAH. 

2- The utilisation of a roughness plate in the channel 

correlated with an increase in the turbulent flow 

regime. 

3- The pressure drop increased, while the outlet 

temperature decreased as the air flow rate increased. 

4- The wave plate had a significantly higher exit 

temperature and effective efficiency compared to the 

other cross-sectional geometries. 

5- The average Nu improved while the friction 

factor decreased as the air flow rate's velocity 

increased. 

6-The amount of energy needed to produce the 

necessary mass flow rate, which is inevitably raised 

due to the increase in flow rate and the 

corresponding high-pressure drop. 

7-The average friction coefficient with the wave 

plate is higher than without it or in a smooth duct.  

8-The value of thermos-hydraulic 

performance THPP increases with the Reynolds 

number. 
9-The enhanced heat transfer rate of a wave plate is 

substantially higher than that of a smooth surface.  

5. Future Scope  

This study highlights the significance of baffle 

positioning in enhancing the thermo-hydraulic 

efficiency of DPSAHs. This work suggests several 

potential avenues for future research. 

1. Experimental validation: Fabricating and 

evaluating prototypes to ascertain the accuracy of 

numerical data in practical scenarios. 

2. Advanced optimisation: Employing artificial 

intelligence and multi-objective optimisation 

techniques to determine the optimal configuration of 

baffle placement and design. 

3. Hybrid integration: Incorporating the proposed 

design into PV/T systems or solar-assisted heat 

pump configurations to optimise their efficiency. 

 

Nomenclature  

 

Symbol 
Definition 

CFD Computational Fluid Dynamics 

Cp 
Specific heat at constant pressure 

(J/kg·K) 

Dh Hydraulic diameter (m) 

DPSAH Double-Pass Solar Air Heater 

d1, d2 
Characteristic diameters in frustum 

elements (m) 

f Friction factor (–) 

FP_SAH Flat Plate Solar Air Heater 

Gk 
Generation of turbulence kinetic 

energy (m²/s³) 

h 
Convective heat transfer coefficient 

(W/m²·K) 

H Channel height (m) 

k Thermal conductivity (W/m·K) 

k Turbulence kinetic energy (m²/s²) 

L Channel length (m) 

μ Dynamic viscosity (Pa·s) 

Nu Nusselt number (–) 

PCM Phase Change Material 

q Heat flux (W/m²) 

RANS Reynolds-Averaged Navier–Stokes 

Re Reynolds number (–) 

ρ Air density (kg/m³) 
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SAH Solar Air Heater 

σk, σε 
Turbulent Prandtl numbers for k and 

ε 

Ta Ambient temperature (°C) 

THPP 
Thermo-hydraulic performance 

parameter (–) 

t/L 
Thickness-to-length ratio of PCM 

container (–) 

Tp Plate temperature (°C) 

Tout Outlet air temperature (°C) 

TR_SAH Transverse Solar Air Heater 

u, v, w 
Velocity components in x, y, z 

directions (m/s) 

U Average flow velocity (m/s) 

W Channel width (m) 

YM 
Contribution of fluctuating dilatation 

(–) 

Δp Pressure drop (Pa) 

ε Turbulence dissipation rate (m²/s³) 

ηth Thermal efficiency (%) 

νt Turbulent viscosity (m²/s) 
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Appendix A 

Table A1. A summary of relevant studies of solar air heaters  

Authos (Year) Study type 
Configuration / 

Feature 

Operating range / 

Setup 
Key reported metrics 

Relevance to 

current simulation 

Debnath et al. 

(2018) [13] 
Experimental 

Solar air collector 

(single vs. double 

glazing; corrugated 
plates) 

Air ṁ varied; 
North-East India 

climate 

Double glazing > 
single; corrugation ↑ 

efficiency by ~14%; 

peak exergy gain 
~6.867% at ṁ=0.0118 

kg/s 

Supports higher ṁ 

and surface 

texturing in model 
validation 

Singh et al. (2020) 
[14]  

Experimental 

Impinging jet double-

pass SAH 
(with/without porous 

media) 

Comparative tests 

Max thermal eff. 94% 

(no porous); THPP 
84%; ~7.5–19% higher 

than porous 

Corroborates jet-
enhanced 

convection 

assumptions and the 
THPP method 

Hassan and 

AboElfadl (2021) 

[15] 

Experimental 
Transverse SAH, 

single vs double pass 

High ṁ up to 0.075 

kg/s 

Energy eff. ≈ 89% 

(double), ~24% higher 

than flat; low pumping 

penalty 

Supports double-

pass design and 

inclusion of fan 

power term 

Iqbal et al. (2023) 

[16] 
Numerical (CFD) 

Impinging jets + 

rectangular V-ribs 

Baseline SAH 

comparison 

Nu ×3.36; f ×5.31 vs 

traditional SAH 

Validates rib/jet 

interaction and Nu–
f trade-off trends 

Hamad et al. 
(2023) [17] 

Numerical (RNG k-
ε) 

Trapezoidal ribs 
(attached/detached) 

Parametric Re 
sweep 

Best thermal when ribs 

are against the flow; 
performance ↓ with rib 

height growth 

Back rib orientation 

and geometry 

sweep 

Singh and Kumar 

(2024) [18] 
Exp. + Simulation 

Frustum-shaped 

roughness; optimize 
e/Dh, e/d1, d1/d2 

Re ≈ 12,500 

Optimal Nu ≈ 256.8; 

min f≈0.009; 
desirability=0.0905 

Provides validated 

parametric bounds 
for optimisation 

Chang et al. (2024) 
[19] 

Numerical 
Transverse baffles; 
varying count 

ṁ=0.026–0.078 
kg/s 

η peaks at N=4 for 

0.026 (≈54.3%); N=6 
best at higher ṁ (60–

64%) 

Supports discrete 

baffle-count as a 

design variable 

Yusaidi et al. 

(2024) [20] 
Theoretical + Exp. 

DPSAH with 
staggered diamond 

fins 

ṁ up to 0.0261 

kg/s; G=1000 W/m² 

Max η:exp=59.3%, 
sim=62.0%; η rises 

with flow rate.  

Confirms exp–sim 
agreement tolerance 

and ∂η/∂ṁ 

Salarpour and 

Azadani (2024) 

[21] 

Numerical 
Six geometries 
(baffles, V-ribs, etc.) 

Comparative study 

Rectangular baffles 

have the highest Nu 
and THPP; inline 

cubes have the lowest. 

Justifies geometry 
prioritization 

Rawat and 
Sherwani (2024) 

[22] 

Numerical (2D 

transient) 
SAH with PCM 

Single vs double 
pass; t/L 

optimisation 

Optimal t/L ↑ liquid 
fraction to 0.976; ↓ 

dead length ~92% 

Validates transient 
storage physics and 

PCM ratios 

Dong et al. (2025) 
[23]  

Exp./Techno-
economic 

Advanced PV/T with 

reflector, graphite, 

trapezoidal channels 

Compared to fixed 
PV/T 

Thermal +17.8%, 

electrical +13.6%; 
39.5 MJ and 7.8 kWh 

per 2.08 m² 

Corroborates 

channel-
shape/hybrid 

strategies 

 

 


