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Abstract: The thermal performance of solar air heater (SAH) is the standard for evaluating SAH. To 

enhance the thermal performance of SAH, we proposed the novel configuration incorporating the 

sinusoidal corrugated absorb plate. The thermal characteristics of sinusoidal-corrugated SAH were 

systematically investigated using the combined approach of numerical simulation and theoretical 

analysis. First, comparative study with conventional triangular-corrugated SAH was conducted, 

demonstrating the superior comprehensive performance of the sinusoidal plate in enhancing heat 

transfer while mitigating flow resistance. Second, the effects of key geometric parameters of the 

sinusoidal corrugation (wavelength and wave height) on the collector efficiency and pressure drop 

were thoroughly analyzed, leading to the identification of optimized parameter range. Furthermore, 

the double-layer sinusoidal-corrugated SAH model was developed to explore its synergistic heat 

transfer enhancement mechanism. The results indicated that the sinusoidal corrugation effectively 

disrupted the thermal boundary layer and induced secondary flows, which has higher heat collection 

efficiency and lower pressure drop and heat dissipation coefficient. The optimal wavelength was 20 mm, 

and the optimal wave height was 15 mm, the maximum heat collection efficiency was 61.58%, and the 

minimum heat dissipation coefficient was 4.66 W/m·K. The double-layer structure further enhanced 

the heat output. Based on simulated data, the high-precision fitting relationship (R² > 0.98) was 

established between the heat collection efficiency and inlet air Reynolds number (Re). This study 

provides theoretical basis and data support for the design and optimization of high-efficiency SAH. 
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1. Introduction 

In the field of solar thermal utilization, solar air heater (SAH) has garnered extensive research 

and application due to its advantages such as simple structure, lower cost, no need for frost protection, 

and direct applicability in space heating, crop drying, and industrial process heating [1]. The 

application of SAHs in smart buildings, thermal management, and air quality control is receiving 

increasing attention, particularly in enhancing the sustainability of the built environment [2,3]. 

However, traditional flat-plate SAHs suffer from low convective heat transfer coefficients between the 

absorber plate and the air owing to the low thermal capacity and thermal conductivity of air. 

Consequently, research on SAHs has primarily focused on improving thermal efficiency, reducing 

energy consumption, and optimizing design [4,5]. 

To address the issue of low thermal efficiency in SAHs, research has proposed combining 

stagnation jets with corrugated plates to evaluate Nusselt number and pressure loss [6,7].        

V-corrugated plates [8] can effectively increase the heat exchange area and guide airflow, with 

studies examining SAH thermal performance by integrating designs such as parallel [9] and   

triple-channel V-corrugations [10]. From the optimization design perspective, research has explored 

Chevron-type corrugated absorb plates [11] and analyzed absorber plates with different corrugation 

forms [12]. Other approaches include adding roughness elements on the absorber plate to enhance 

airflow turbulence and vortices [13], as well as studying the performance of SAHs with V-shaped   

fins [14], arc-shaped fins [15], S-shaped fins [16], conical ring fins [17], and helical baffles [18]. 

Additionally, some researchers have optimized the overall SAH structure by incorporating perforated 

obstacles to improve heat transfer through mixing effects and enhanced turbulence [19]. Rajkumar and 

Rajkumar employed CFD to investigate the influence of roughness element coverage percentage and 

positioning on hydrodynamic and thermal behavior [20,21]. Prasad introduced offset transverse ribs 

in SAHs to examine the impact of airflow between the ribs and the absorb plate on heat transfer 

enhancement [22]. Kanjirakat attached tetrahedron-shaped turbulators to the bottom of the absorb plate, 

which significantly improved the SAH’s heat transfer efficiency [23]. 

Furthermore, some scholars have conducted research on multi-pass SAHs, aiming to enhance 

thermal efficiency by extending the airflow path [24] and increasing the heat exchange duration [25,26]. 

Wang designed a novel SAH that combines the downward impingement jet with corrugated absorber 

plate, optimizing flow and temperature fields to improve heat transfer efficiency [27]. Li et al. proposed 

a transversal corrugated target plate with a corrugation tilt angle, which regulates the flow velocity of 

the crossflow to enhance heat transfer [28]. Studies on the CFD model validation and combined 

thermal-exergetic performance evaluation of V-corrugated absorber plates reported that as the inlet air 

flow rate increases from 100  m³/h to 400 m³/h, the average hot air temperature at the outlet of the solar 

air collector decreases from 62.9 °C to 46.6  °C. At the end of the drying process, the moisture ratios of 

potato, carrot, and apple rise to 116.95%, 126.70%, and 118.77%, respectively [29]. Another investigation 
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on SAHs integrated with finned hollow cylindrical obstacles and phase change material (PCM) revealed 

that the time-averaged thermal efficiency of the finned configuration is higher. Its time-averaged exergetic 

efficiency reaches approximately 3.46%, which is 34.62% higher than that of HCOF and 128.01% higher 

than that of HCO [30]. 

Based on research, in comparison with traditional flat plates, sinusoidal corrugations geometric 

configuration characterized by continuous and smooth curvature variations have been demonstrated in 

fields such as shell-and-tube heat exchangers to achieve the better balance between enhanced heat 

transfer and controlled pressure drop. However, the application of sinusoidal corrugated structures to 

SAH absorb plates remains insufficiently explored, and their comprehensive performance advantages 

over classical triangular corrugations have yet to be systematically quantified. Furthermore, the 

influence of key geometric parameters of sinusoidal corrugations, such as wavelength and wave height, 

on SAH performance remains unclear, lacking systematic parametric optimization studies. Extending 

from single-pass to the double-pass flow channel represents another effective approach to increasing the 

thermal output per unit area of SAHs; yet, the synergistic enhancement mechanisms and performance 

potential of double-pass SAHs incorporating sinusoidal corrugations remain to be elucidated.  

In light of this, we aim to systematically investigate the thermal performance of sinusoidal 

corrugated plate SAHs and to validate their performance advantages through comparative analysis 

with triangular corrugated plates. In terms of the novelty of this study, the main contributions compared 

with previous investigations are summarized as follows: 

1. Thermal performance comparison between sinusoidal and V-corrugated SAHs is conducted. 

Apart from collector efficiency and pressure drop, the performance evaluation criterion (PEC) is 

also adopted for comprehensive comparison. 

2. Parametric analysis of the sinusoidal corrugated absorber plate is carried out. The importance of 

PEC for SAH thermal performance assessment is emphasized, and the optimal coupled structural 

parameters are identified. 

3. The double-pass SAH model is established to demonstrate its thermal performance advantages 

over the single-pass configuration. Comparisons between parallel-flow and counter-flow air 

arrangements are also supplemented. 

4. Curve fitting is performed to characterize the coupling relationship between thermal efficiency 

and Re for the double-pass SAH. The generalizability of the fitted correlation is discussed, which 

provides theoretical support for future experimental investigations. 

Here, we elucidate the heat transfer mechanism of sinusoidal-corrugated plate SAH and seeks to 

address the research gap regarding the mechanistic improvement of their thermal performance. 

2. SAHs physical model validation and boundary condition 

2.1. SAHs physical model 

The physical models of sinusoidal corrugated plate SAH and triangular corrugated plate SAH are 

shown in Figure 1. Figure 1(a) indicates the sinusoidal corrugated plate SAH, while Figure 1(b) inflects 

the triangular corrugated plate SAH. SAH consists of a polycarbonate (PC) cover plate, corrugated 

heat absorb plate, insulation layer, and outer shell. The material of the cover plate is PC, with size 

of 2000 × 1000 mm and thickness is 4 mm. The material of the heat absorb plate is aluminum, with 

aluminum nitrogen aluminum coating on the surface, and a size of 2000 × 1000 mm and a thickness 
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of 3 mm. The material of insulation layer is asbestos rock, with a size of 2000 × 1000 mm and a 

thickness of 30 mm. The air inlet and outlet dimensions are 150 × 30 mm, and the air flow channel 

height is 50 mm. Air enters the flow channel through the SAH inlet and undergoes heat exchange with 

the corrugated heat absorb plate. After heat exchange, air flows out of SAH through the outlet. 

 

(a) sinusoidal plate SAH. 

 

(b) triangular plate SAH. 

Figure 1. Physical models of two types SAH. 

2.2. Governing equations 

The equations involved in the heat transfer process include continuity equation, momentum 

equation, and energy equation [31]. The continuity equation in the flow channel is as follows [31]: 

                     

                     (1) 

ρ is the density, kg/m3; τ is the time, s; and u,v,w are the velocity component, m/s. 

The momentum equation in the flow channel is as follows [31]: 
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V is specific volume, m3/kg; τ is time, s; F is volume force, N; p is pressure, pa; and μ is dynamic 

viscosity, pa·s. 

The energy equation in the flow channel is as follows [32]: 
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T is temperature, K; λ is thermal conductivity, W/m·K; c is specific heat capacity, J/kg·K; and S 

is source. 

The turbulence model is used in the calculations. Turbulence fluctuations occur when air flows 

over the corrugated SAH plate, resulting in localized vortices. The laminar flow model cannot capture 

the mixing effects of turbulence and would significantly underestimate the Nu and localized vortices. 

Therefore, the turbulence model is selected. For the steady-state flow process of fluid with constant 

physical properties, the governing equations also include the K equation and the ε equation. The K 

equation in the channel is as follows [33]: 
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K is turbulent kinetic energy, J; μj is direction of velocity component j; μt is unsteady dynamic 

viscosity, pa·s; σk is turbulent Prandtl number, σk = 1.0; Pk is turbulent kinetic energy caused by the 

average velocity gradient, J; Pb is turbulent kinetic energy caused by buoyancy, J; ε is turbulent 

dissipation rate; Yk is the influence of compressible turbulent pulsation expansion on dissipation rate; 

and Sk is turbulent energy source. 

The ε equation is as follows [33]: 
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C1ε is constant, C1ε = 1.44; C2ε is constant, C2ε = 1.92; C3ε is constant, C3ε = 0.09; and Sk is turbulent 

dissipation rate source. 

In the selection of radiation models, the DO radiation model is chosen as the radiation model for 

this research. The reason is: The DO model can simulate and calculate all steady-state optical radiation. 

The equation of the DO model is as follows [34]: 
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Iλ is solar radiation intensity, W/m2; s is air channel length, m; r is position vector; s is direction 

vector; a is spectral absorption coefficient; σs is spectral scattering coefficient; n is spectral refractive 

coefficient; σ is Stephen Boltzmann constant, σ = 5.67 × 10−8 W/m2·K4; ϕ is scattering phase function; 

and Ω is light source emission solid angle, °. 

 



1281 

AIMS Energy  Volume 14, Issue 5, 1276–1298. 

2.3. Boundary condition setting 

Numerical simulations are performed using Fluent 16.0 with constant thermophysical properties 

of air. The solar load model built in Fluent is adopted for the calculation. The simulated latitude and 

longitude of this study are 117° and 36°4′, and the simulation calculation time is 12:00 on March 1st. 

The solar azimuth vector is x = −0.690846, y = 0.7152947, and z = 0.1052865. The outer surface of 

the SAH PC cover plate is subjected to natural convection. Inlet turbulence intensity is set to 10%. The 

pressure–velocity coupling algorithm is adopted, and the second-order upwind scheme is selected for 

discretization. Inlet turbulent flow rate is 10%. There is also natural convection outside the PC cover 

plate. The direct solar irradiance is 682 W/m²·K, and the transmittance of the PC cover plate is 0.83. 

The velocity basis and pressure basis are coupled at the air inlet and outlet, with the air inlet as the 

velocity inlet boundary condition and the outlet as the pressure outlet boundary condition, and the 

atmospheric transparency is set to 0.7. The boundary conditions of the SAH components are shown 

in Table 1. 

Table 1. Boundary condition setting. 

Structure name Boundary setting 

PC cover plate Mixed boundary of convection and radiation, semitransparent medium, 

absorption rate 0.09, transmittance 0.83, refractive index 1.5 

Heat absorb plate Fluid structure coupling boundary, opaque medium, absorption rate 0.9, 

emissivity 0.08 

Thermal insulation layer Adiabatic boundary, opaque medium 

Shell Adiabatic boundary, opaque medium 

For the research process, we use a three-dimensional dual precision pressure basis to solve 

the problem. The turbulence model uses the Realizable k-ε model. Compared to the standard k-ε 

model, the calculation equation for fluid turbulent viscosity is added. Furthermore, according to 

references [32,33], the Realizable k-ε model can yield predictions closer to the practical operating 

conditions. The radiation model adopts the DO model. There is also a pressure difference between the 

air inlet and outlet, so the calculation process uses the SIMPLE algorithm to improve. 

2.4. Grid division and model validation 

For the above-mentioned sinusoidal corrugated plate SAH model, GAMBIT is used to partition 

the SAH model mesh. The grid format is unstructured tetrahedral TGrid. The reason is that 

unstructured grids are suitable for complex models, and compared to structured grids, unstructured 

grids have computational stability. Moreover, the air inlet and outlet, corrugated heat absorb plate, and 

air flow channel are encrypted. Additionally, the air flow channel of SAH belongs to the fluid domain, 

which is the significant calculation part that requires accuracy. The SAH model grid division and 

independent verification are shown in Figure 2. 



1282 

AIMS Energy  Volume 14, Issue 5, 1276–1298. 

 

(a) Sinusoidal plate SAH model mesh division. 

 

(b) Sinusoidal plate SAH model grid verification. 

Figure 2. Sinusoidal plate SAH grid division and verification. 

Figure 2 presents the mesh generation and mesh independence verification of the sinusoidal-corrugated 

SAH model. Figure 2(a) shows the mesh discretization of the model and mesh refinement in the 

internal fluid domain. The near-wall treatment with wall functions is adopted. The formula for the 

dimensionless wall distance y+ of the boundary layer is given as follows: 






y

y =+

                                   

(7) 

y+ is the dimensionless wall distance of the boundary layer; y denotes the physical distance from 

the centroid of the first near-wall cell to the wall, m; and τω is Wall shear stress, Pa. 

From the calculation, the overall y+ is 30. Figure 2(b) illustrates the mesh independence test, 

where the air outlet temperature and pressure drop of the SAH are selected as monitoring indicators. 

The data in Figure 2(b) reveal that the SAH outlet temperature rises and the pressure drop decreases 

with the increase in grid number. When the grid number reaches 6.8 × 105, the outlet temperature and 

pressure drop of the SAH remain nearly unchanged. Therefore, considering the accuracy and precision 

of numerical simulations, the grid adopted for the SAH model is 6.8 × 105. 

Before simulating the model, the simulation calculation method should be validated first. The 

selected experimental data comes from reference [35]. Based on the experimental model selected in 

reference [35], the numerical model with the same structural dimensions is established and simulated 
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under the same conditions. The comparative verification results are shown in Figure 3. 

      

(a) Outlet temperature.                  (b) Heat collection efficiency. 

Figure 3. Comparison of experimental and simulation data. 

The calculation /m.n formula for data deviation is as follows: 

e
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De-s is experimental data and simulation data deviation; Te is experimental temperature value, K; 

and Ts is simulation temperature value, K. 

Figure 3 presents the validation comparison between experimental measurements and numerical 

simulations, including the air outlet temperature and thermal efficiency. As indicated by the deviations 

shown in the figure, under identical operating conditions, the deviation of the air outlet temperature is 

no more than 1.5%, while the maximum deviation of thermal efficiency does not exceed 15% and 

remains below 10% for most cases. Such deviations are considered acceptable for practical engineering 

applications. This also verifies the feasibility and correctness of the boundary conditions and numerical 

methods adopted in the simulation. Accordingly, the above numerical methods and boundary 

conditions are employed for the simulation and analysis in this research. 

3. Results and discussion 

3.1. Analysis and comparison of heat absorb plates with different structures 

Initially, based on the different structures of the heat absorb plate, the influence of sinusoidal 

corrugated plate and triangular corrugated plate structures on the heat collection performance of SAH 

is compared and studied. The air inlet velocity is set to 2 m/s, the air inlet temperature is 278 K, and 

the external environment is 274 K. The temperature field changes of the obtained air flow channel and 

heat absorb plate are shown in Figure 4. 
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                      sinusoidal plate        triangular plate 

(a) Temperature field of the air flow channel. 

 
sinusoidal plate         triangular plate 

(b) Temperature field of the heat absorb plate. 

Figure 4. Temperature field of two types of SAHs with heat absorb plate structures. 

The different temperature color scales in Figure 4 are adopted to better illustrate the temperature 

difference between the sinusoidal-corrugated SAH and triangular-corrugated SAH. Figure 4(a) shows 

the temperature field inside the air flow channel (left: sinusoidal corrugated plate, right: triangular 

corrugated plate). From the temperature field in Figure 4(a), the internal temperature dead zone of the 

air flow channel in the sinusoidal corrugated plate is relatively small, and the outlet temperature is 

relatively high. This situation indicates that the heat gain of air on the sinusoidal corrugated plate is 

relatively high, and the heat transfer process between the sinusoidal corrugated heat absorbing plate 

and the air is more complete. The sinusoidal corrugated plate can effectively destroy the thermal 

boundary layer and induce secondary flow, increasing the heat gain of air. 

Figure 4(b) reflects the temperature field of the heat absorb plate (left: sinusoidal corrugated plate, 

right: triangular corrugated plate). From the temperature field in Figure 4(b), the high-temperature area 

of the sinusoidal corrugated plate is smaller, and the temperature area distribution is more distinct than 

that of the triangular corrugated plate. This situation indicates that the turbulence effect of air on the 
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sinusoidal corrugated plate is strong, the air flow range is wide, the heat transfer process between air 

and heat absorb plate is sufficient, and the heat transferred from the heat absorb plate to the air is 

relatively high. The average temperatures of the absorb plate for the sinusoidal-corrugated SAH and 

triangular-corrugated SAH are 417.9 K and 455.1 K, respectively. 

The heat collection efficiency η of SAH is the important criterion for evaluating SAH’s heat 

collection performance. The heat collection efficiency η is the ratio of the energy obtained by the 

heated air to the amount of solar radiation irradiated onto the surface of SAH. The calculation formula 

for η is as follows: 

                             
Tc

i

GA

TTcm )( 0 −=                                 (9) 

c is specific heat capacity, kJ/kg·K; m is mass flow rate of air, kg/s; T0 is air outlet temperature, 

K; Ti is air inlet temperature, K; Ac is SAH heat collection area, m2; and GT is solar radiation 

intensity, W/m2. 

During the heat transfer process, the heat of SAH will dissipate into the external environment, 

mainly including top heat loss Ut, bottom heat loss Ub, and edge heat loss Ue. The top heat loss 

coefficient Ut in the study is calculated using the empirical formula proposed by Klein [36]. The 

calculation formula for the bottom heat loss coefficient Ub is as follows: 

                              
d

k
Ub =                                    (10) 

k is thermal conductivity of bottom insulation material; and W/m·K, d is thickness of bottom 

insulation material, m. 

The calculation formula for the edge heat loss coefficient Ue is as follows: 

                              
c

e
e

dA

kA
U =                                   (11) 

Ae is side area of SAH, m2. 

The total heat loss coefficient UL of SAH is as follows: 

                          ebtL UUUU ++=                             (12) 

The calculated curve data is obtained by adjusting the air inlet velocity to 1 m/s and 3 m/s, while 

controlling all other boundary conditions remains constant, as shown in Figure 5. 

Figure 5 indicates the various data of two types of corrugated heat absorb plate SAHs at different 

air flow velocities. Figure 5(a) shows the relationship between air outlet temperature and heat 

collection efficiency. From the curve changes in Figure 5(a), as the air inlet velocity increases, outlet 

temperature gradually decreases, while the heat collection efficiency of SAH gradually increases. This 

is because when the air inlet flow rate is low, the air inlet flow rate per unit time is small, and the 

contact time between the air and the heat absorb plate is long, so the outlet temperature of the air is 

higher. When the air inlet flow rate is high, the air inlet flow rate per unit time is large, the contact time 

between the air and the heat absorb plate is short, and the heat exchange time is short, so the air outlet 

temperature is lower. Due to the increase in air flow rate being higher than the change in temperature, 
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it can be calculated from formula (7) that the heat collection efficiency of SAH increases. The decrease 

in air outlet temperature and the increase in heat collection efficiency slowly, indicating that when the 

air inlet flow rate reaches the certain stage, the impact on air outlet temperature and SAH heat 

collection efficiency is minimal. 

         

(a) Outlet temperature and heat collection efficiency.   (b) Pressure loss and heat loss coefficient. 

Figure 5. Calculation data curve of two types of corrugated plate SAHs. 

By comparing the two types of corrugated plate SAH, the air outlet temperature and heat 

collection efficiency of the sinusoidal corrugated plate SAH are higher. This indicates that the 

turbulence intensity of the air on the sinusoidal corrugated plate is greater, and the heat exchange 

between the sinusoidal corrugated plate and the heat absorb plate is greater. The overall heat transferred 

to the air by the sinusoidal corrugated plate is also greater. After comparison, the highest outlet 

temperature of the air is 374.05 K, and the maximum heat collection efficiency is about 59.37% (inlet 

air velocity 3 m/s). Compared to the maximum heat collection efficiency of 57.34% in reference [1], 

there is an improvement. 

Figure 5(b) reflects pressure loss and heat dissipation coefficient variation of two types corrugated 

SAH with respect to air inlet velocity. From the curve change in Figure 5(b), the pressure loss in air 

channel increases with the increase of air flow velocity, while the heat dissipation coefficient shows a 

decrease. Because the air inlet velocity increases, the turbulence effect of the air on the heat absorb 

plate is enhanced, and the pressure inside the flow channel increases. The increase in air flow increases 

the amount of heat absorbed by the air on the heat absorb plate, resulting in a decrease in the external 

heat dissipation of SAH, thus reducing the overall heat dissipation coefficient of SAH. 

By comparing the data curves of two types corrugated SAH, the pressure loss and heat dissipation 

coefficient of sinusoidal corrugated SAH are lower than those of the triangular corrugated plate. This 

result indicates that the flow state of air on the sinusoidal corrugated plate is better than that on the 

triangular corrugated plate, and the pressure loss is smaller. Additionally, the heat transfer efficiency 

is higher compared to the sinusoidal corrugated plate, so the heat dissipation coefficient is smaller. 

After calculation, the minimum pressure loss is about 0.56 Pa, and the minimum heat dissipation 

coefficient is about 4.71 W/m·K. Compared to the minimum pressure loss of 4.32 Pa in reference [37], 

the pressure loss has been significantly reduced. 

The thermal-hydraulic performance of the two SAH configurations is evaluated by comparing the 

PEC, which is defined as: 
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Nu is the Nusselt number; Nu0 is the Nusselt number of the smooth flat plate; f is the friction 

factor; f0 is the friction factor of smooth flat plate; h is the convective heat transfer coefficient, W/m2·K. 

Dh is the hydraulic diameter, m; h0 is the convective heat transfer coefficient of smooth flat plate, 

W/m2·K; qw is the heat flux, W/m·K; Tw is the average temperature of heat absorb plate, K; Tb is the 

average temperature of passage, K; qw0 is the heat flux of the smooth flat plate, W/m·K; Tw0 is the 

average temperature of the smooth flat heat absorb plate, K; Tb0 is the average temperature of the 

smooth flat plate passage, K; Pw is he wetted perimeter, m; △P is the pressure loss, Pa; ua is the average 

velocity in passage, m/s; and L is the heater length, m. 

The calculation results from Eqs (12)–(16) show that PEC of the triangular-corrugated SAH is 

approximately 1.09, while that of the sinusoidal-corrugated SAH is about 1.14. Based on the 

comprehensive analysis of thermal efficiency, pressure loss, heat loss coefficient, and PEC, the 

sinusoidal-corrugated SAH exhibits superior thermal performance compared with the triangular-corrugated 

SAH within inlet air velocity range of 1–3 m/s. 

3.2. Analysis and comparison of different wave heights 

After comparing the heat collection performance of two types of corrugated plate SAH in 

Section 3.1, it can be concluded that compared to the triangular corrugated plate SAH, sinusoidal 

corrugated plate SAH not only has higher outlet temperature and heat collection efficiency, but also 

has a lower pressure loss and heat dissipation coefficient. In the research of sinusoidal corrugated plate 

SAH’s heat collection performance, the high sinusoidal is the important factor affecting the SAH’s 

heat collection performance. The wave height size will affect the pressure loss inside the flow channel, 

the heat gain of air, and the overall heat dissipation of SAH. On the basis of a wave height of 10 mm, 

adjust the wave height to 5 mm and 7.5 mm, and the calculated results are shown in Figure 6. 
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(a) Outlet temperature and heat collection efficiency.  (b) Pressure loss and heat loss coefficient. 

 

(c) PEC. 

Figure 6. Calculation data curve of different wave heights (5 mm, 7.5 mm, and 10 mm). 

Figure 6 reflects the heat collection performance parameter curves of SAH with different wave 

heights under the condition of wavelength 10 mm. Figure 6(a) reflects the relationship between the air 

outlet temperature and heat collection efficiency. From the curve changes in Figure 6(a), the air outlet 

temperature decreases with the air inlet velocity increase, and the heat collection efficiency of SAH 

increases, but the rate of increase gradually slows. Comparing different wave heights, at the same air 

flow velocity, the higher the wave height, the higher the outlet temperature and heat collection 

efficiency. This is because when the wave length is fixed, the increase in wave height enhances the 

turbulence between the air and the heat absorb plate, increases the air internal turbulence intensity, 

strengthens the heat transfer between the air and the heat absorb plate, and increases the heat gain. 

Therefore, the air outlet temperature and the SAH heat collection efficiency are improved. 

Figure 6(b) reflects the pressure loss and heat dissipation coefficient. From the curve changes in 

Figure 6(b), the pressure loss inside the SAH channel increases with the air flow velocity increase, 

while the heat dissipation coefficient decreases accordingly. Comparing the pressure loss and heat 

dissipation coefficient of different wave heights, we find that at the same air inlet velocity, the higher 

the wave height value, the greater the pressure loss, and the difference in pressure loss gradually 

increases with the air inlet velocity increase; as the wave height increases, the air flow channel narrows 

and the turbulence inside the air increases, resulting in the difference in pressure loss increase. 

Additionally, the heat dissipation coefficient of SAH gradually decreases because as the wave height 

increases, the heat transfer between the air and the heat absorbing plate is significantly enhanced, 



1289 

AIMS Energy  Volume 14, Issue 5, 1276–1298. 

resulting in an increase in the amount of heat obtained and the decrease in the external heat dissipation 

of SAH. Therefore, the heat dissipation coefficient of SAH decreases. After calculation, when the wave 

height is 10 mm, the highest outlet temperature is 374.05 K, and the highest heat collection efficiency 

is 59.37%. Figure 6(c) shows PEC under different wave height and inlet velocity conditions. As 

indicated by the curves in the figure, an increase in wavelength and inlet velocity does cause the PEC 

to increase, but the rate of increase gradually slows. 

3.3. Analysis and comparison of different wavelengths 

In the research of sinusoidal corrugated plate SAH’s heat collection performance parameters, the 

sinusoidal wavelength is also the significant factor affecting the SAH’s heat collection performance. 

Smaller wavelengths will enhance the disturbance intensity of air on the heat absorb plate, increase the 

turbulence inside the air, while smaller wavelengths will increase the pressure inside the flow channel. 

Thus, we adjust the wavelength to 10–50 mm, calculate the heat collection parameters of SAH under 

the conditions of wave height 10 mm, set air inlet velocity as 2 m/s, the air temperature to 278 K, and 

ambient temperature to 274 K. The calculated results are shown in Figure 7. 

       

(a) Outlet temperature and heat collection efficiency. (b) Pressure loss and heat loss coefficient. 

 

(c) PEC of different SAH wavelengths. 

Figure 7. Calculation data curve of different SAH wavelengths. 

Figure 7 reflects the calculation curves of heat collection parameters for different wavelengths. 

Figure 7(a) indicates the relationship between the air outlet temperature of sinusoidal corrugated plate 
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SAH and the SAH heat collection efficiency. From the curve in Figure 7(a), the outlet temperature of 

air and the heat collection efficiency decrease with sinusoidal wavelength increase. When the 

sinusoidal wavelength is at a smaller value, the turbulence effect of air on the sinusoidal corrugated 

plate is stronger, and the heat transfer between air and the heat absorb plate is stronger. The air obtains 

more heat on the heat absorb plate, so the air outlet temperature and the SAH heat collection efficiency 

are higher. As the wavelength increases, the decrease in air outlet temperature and SAH heat collection 

efficiency gradually decreases. This is because when the wavelength increases to the certain stage, the 

sinusoidal corrugated plate is very close to a flat plate, and the wavelength has little effect on the air 

outlet temperature and heat collection efficiency. 

Figure 7(b) indicates the pressure loss and heat dissipation coefficient variation curve inside the 

SAH channel. From the curve variation in Figure 7(b), the pressure loss inside the air flow channel 

decreases with the wavelength increase. This is because when the sinusoidal wavelength is at a smaller 

value, the turbulent effect between the air and heat absorb plate is stronger, and the turbulent 

fluctuations inside the air are severe and obvious, resulting in larger pressure loss in the flow channel. 

As the wavelength value increases, the turbulence effect of air decreases, and the internal pressure 

decreases, resulting in a decrease in pressure loss. The heat dissipation coefficient increases with the 

wavelength increase, because when the sinusoidal wavelength is smaller, the heat transfer process 

between the air and the heat absorb plate is stronger, and more heat is absorbed, so the external heat 

dissipation of SAH is lower, and the heat dissipation coefficient is smaller. The amplitude of pressure 

loss and heat dissipation coefficient decrease with the sinusoidal wavelength increase. This 

indicates that when the sinusoidal wavelength increases to the certain stage, the wavelength has 

little effect on the pressure loss and heat dissipation coefficient of SAH. After calculation, it is 

known that there is the turning point in the air outlet temperature and heat collection efficiency 

when the wavelength is 20 mm, and the heat collection efficiency at this time is smaller compared 

to the 10 mm wavelength (55.03%) at 52.73%. The pressure loss is 4.66 Pa, and the heat dissipation 

coefficient is 4.8 W/m·K. Figure 7(c) shows the PEC at different wavelengths. The PEC calculation 

data indicate that the PEC is highest at a wavelength of 20 mm and then decreases. Therefore, 

compared to other wavelength conditions, the thermal performance is optimal at 20 mm. 

       

(a) Outlet temperature and heat collection efficiency.  (b) Pressure loss and heat loss coefficient. 

Figure 8. Calculation data curve of different wave height under different wavelength (10 

mm, 15 mm, and 20 mm). 
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In the research of heat collection parameters at wavelength 10 mm, the air outlet temperature, 

SAH heat collection efficiency, and heat dissipation coefficient at wave height 7.5 mm are not 

significantly different from those at wave height 10 mm, and pressure loss is smaller. Thus, the most 

suitable wave height size can be studied in the sinusoidal ripple SAH with wavelength 20 mm. Thus, 

we adjust the sinusoidal wave height to 10, 15, and 20 mm, and perform simulation calculations while 

ensuring that the air inlet temperature and ambient temperature remain unchanged. The results obtained 

are shown in Figure 8. 

Figure 8 shows the variation curves of SAH heat collection parameters with different wave 

heights and sizes at wavelength 20 mm as the function of air inlet velocity. Figure 8(a) indicates the 

relationship between the SAH air outlet temperature and heat collection efficiency. According to the 

data in Figure 8, outlet temperature and heat collection efficiency at wave height 15 mm are not 

significantly different from those at wave height 20 mm. This indicates that when the wave height 

exceeds 15 mm, the sinusoidal wave height has little effect on the heat gain of air inside the SAH. 

Figure 8(b) shows the pressure loss and heat dissipation coefficient inside the SAH air channel. 

Moreover, when air inlet velocity is lower, the difference between pressure loss and heat dissipation 

coefficient is much smaller. After increasing the inlet velocity, the difference gradually becomes 

apparent, but the parameter difference between wave heights 15 mm and 20 mm is very small. 

According to the calculated data, when the wave height is 15 mm, the maximum heat collection 

efficiency is 61.58% (inlet air velocity 3 m/s), the maximum pressure loss is about 12.14 Pa, and the 

minimum heat dissipation coefficient is 4.66 W/m·K. 

3.4. Double layer sinusoidal corrugated plate SAH 

From the above research, the heat collection parameters and performance of a sinusoidal 

corrugated plate SAH with wavelength 20 mm and wave height 15 mm is better. Thus, the heat 

collection performance parameters of a double-layer sinusoidal corrugated plate SAH will be studied 

and analyzed. As such, the air inlet mode of double-layer SAH is divided into parallel and reverse flow. 

The double-layer SAH model is established under the condition of ensuring a wavelength of 20 mm 

and wave height 15 mm, and the SAH structure dimensions are unchanged. The specific model is 

shown in Figure 9. 

Figure 9 reflects the physical model of the double-layer corrugated plate SAH. Figure 9(a) 

indicates the air flow forward mode, and Figure 9(b) shows the air flow backward mode. Under 

conditions where solar radiation, air inlet flow velocity, SAH collector area, and channel height are the 

same as those of single-layer duct SAH, simulation calculations are performed for the SAH systems 

with the two different air intake methods. The results are shown in Figure 10. 

Figure 10 illustrates the thermal performance curves of the double-layer sinusoidal corrugated 

plate SAH under two distinct air inlet configurations. Figure 10(a) presents the outlet air temperatures 

for the upper and lower air channels under each configuration. Analysis of the data reveals that the 

difference in outlet temperature between parallel-flow and reverse-flow configurations is minimal for 

the upper channel, and the overall outlet temperatures of upper channel are lower than those of lower 

channel. This is primarily because the upper channel is directly exposed to solar radiation and 

experiences convective heat exchange with the PC cover plate, resulting in greater overall heat loss 

compared to the lower channel. 
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(a) Parallel flow method. 

 

(b) Reverse flow method. 

Figure 9. Double layers sinusoidal corrugated plate SAH model. 

      

          (a) Outlet temperature.                  (b) Heat collection efficiency. 

Figure 10. Collection parameters for two import methods. 

For the lower channel, the disparity in outlet temperature between both the flow configurations 

diminishes progressively as inlet air velocity increases. This trend can be attributed to the residence 

time of air within the channel. At lower air velocities, the extended residence time enables the air to 

approach thermal equilibrium with the heated sinusoidal corrugated plate, enabling the reverse-flow 

arrangement to extract the greater amount of heat compared to the parallel-flow arrangement. 
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Conversely, at the higher air velocities, the shortened residence time limits the duration available for 

effective heat exchange. Under such conditions, air temperature rise becomes predominantly governed 

by the short-term heat transfer intensity. In this regime, the counter-flow configuration exhibits the 

reduced heat gain per unit air mass flow rate, consequently leading to the more pronounced decline in 

outlet temperature relative to the parallel-flow configuration. 

Figure 10(b) presents the thermal efficiency of the SAH under the two air inlet configurations. As 

indicated by the curves, at lower air velocities, the reverse-flow configuration exhibits superior 

collection efficiency compared to the parallel-flow arrangement. However, this performance gap 

diminishes progressively with increasing airflow rates. This behavior can be attributed to the following 

mechanisms: Under low-velocity conditions, the counter-flow configuration benefits from recovering 

additional heat from the opposite side of the absorb plate, thereby enhancing the overall SAH 

efficiency through more complete heat exchange. As airflow rate increases, the amount of 

recoverable heat in the counter-flow mode gradually decreases, resulting in a lower rate of efficiency 

improvement compared to the parallel-flow mode. The pressure losses for the co-current 

configuration are 5.17 Pa and 5.66 Pa, respectively. The pressure losses for the counter-current 

configuration are 5.17 Pa and 5.06 Pa, respectively. 

Based on the curve analysis, the maximum temperature difference between the two inlet 

configurations is calculated to be 7.32 K. When the inlet air velocity is 2 m/s, the heat collection 

efficiency in downstream mode reaches a peak of 72.22%. Compared to the maximum heat collection 

efficiency of 64.11% in reference [35], the heat collection efficiency has been improved by 8%. 

Furthermore, under the same flow rate conditions, the heat collection efficiency of double-layer duct 

SAH is at least 66%, which exceeds that of single-layer duct SAH (56%). Notably, when the inlet air 

velocity exceeds 1.75 m/s, the thermal efficiency of the parallel-flow configuration surpasses that of 

the reverse-flow arrangement. Furthermore, curve fitting is applied to the performance data of both 

configurations, with the results illustrated in Figure 11. 

 

Figure 11. Fitting curve of two import methods of heat collection efficiency. 


hin Du 

=Re                              (18) 

uin is inlet air velocity, m/s; and μ is dynamic viscosity, Pa·s. 

Figure 11 presents the fitting curves of SAH thermal efficiency as the inlet air Re function. The 

number of fitting points corresponds to different air Re values (7), and the fitting method is nonlinear 
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fitting. As shown in Figure 11, the thermal efficiency increases with rising Re, though the rate of this 

increase gradually diminishes. The coefficients of determination (R2) for the fitting curves of the two 

inlet configurations are 0.981 and 0.998, respectively, indicating that the fitting relationships provide 

the reliable prediction of the SAH thermal efficiency. The fitted correlations are applicable in an Re 

range of 1 × 103–6 × 103 at sinusoidal plate SAH. 

4. Conclusions and prospects 

4.1. Conclusions 

To optimize the heat collection performance of SAH and improve the heat collection efficiency, 

this research starts from the sinusoidal corrugated plate SAH and uses simulation calculation methods 

to analyze the structural parameters that affect the heat collection performance of the sinusoidal 

corrugated plate SAH, including sinusoidal wavelength and wave height, and analyze the influence of 

the inlet method on the dual duct SAH. The conclusions drawn are as follows: 

1. Compared to triangular corrugated plates, sinusoidal corrugated plate SAH has higher heat 

collection efficiency and a lower pressure loss and heat dissipation coefficient. 

2. The higher the wave height of the sinusoidal corrugated plate, the greater the heat collection 

efficiency and pressure loss of SAH, but the smaller the heat dissipation coefficient. The maximum 

heat collection efficiency is 59.37%, and the minimum heat dissipation coefficient is 4.71 W/m2·K. 

3. The larger the wavelength of the sine wave patterned plate, the lower the heat collection efficiency 

and pressure loss of SAH but the larger the heat dissipation coefficient. The optimal wave 

height/wavelength is 0.75. Heat collection efficiency is 61.58%, pressure loss is 12.14 Pa, and the 

heat dissipation coefficient is 4.66 W/m·K. 

4. The inlet velocity of the dual duct SAH is less than 1.75 m/s, and the heat collection performance 

of the parallel mode is higher than that in reverse mode. Heat collection efficiency of SAH 

increases with inlet Re increase, but the increased magnitude gradually slows. The fitting curve 

coefficient of determination for the parallel and reverse SAH flow modes are 0.981 and 0.998, 

respectively. The fitted correlations are applicable in an Re range of 1 × 103–6 × 103. 

4.2. Prospects 

Based on the aforementioned research content, future research work is as follows: 

1. Physical collectors will be manufactured, and indoor and outdoor comprehensive test platforms 

will be built to carry out performance experiments under multiple air velocity and solar irradiance 

conditions for numerical model calibration. 

2. The range of corrugation geometric parameters will be expanded, and the thermal-hydraulic 

performance of various corrugation shapes will be compared. 

3. The matching schemes of parallel and counter-flow double channels will be further optimized to 

improve the general design and calculation system of corrugated SAH. Furthermore, the 

experimental data included in the analysis will be used to validate the correlation equation. 
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