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ABSTRACT
Solar energy is one of the most efficient forms of renewable energy. Solar air collectors are promising utilization of solar energy. 

The present study used unsteady three-dimensional Computational Fluid Dynamic (CFD) analysis to investigate the heat transfer 
and fluid friction in solar air collectors with smooth and v-corrugation absorber plates. The studied parameters are Reynolds 
number, v-corrugation height, and pitch. Three Reynolds number (500, 1000, 1500) values were used with three arrangements 
configuration of the v-corrugation of relative heights of 0.10, 0.16, and 0.23. Roughness pitches varied between 1.33, 1.66, and 2. 
By comparing the simulated thermal efficiency with the currently known experimental values, great agreement can be approved. 
Results show the superiority of the performance of v-corrugated collector against the traditional or smooth type. The outlet 
temperature obtained in case of relative roughness height = 0.23 and relative roughness pitch = 2 is 61 °C, while it is 53 °C for a 
smooth type. Also, a higher thermal efficiency of 46.7 % can be obtained compared to 33.01% for smooth type.
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INTRODUCTION

Every day, energy demand grows. There are many distinct types of energy resources, including major and minor, renewable and 
non-renewable, commercial and non-commercial energies. Solar energy is one of the most practical forms of renewable energy. 
It has been regarded as a large and cost-effective energy source due to its abundance. Also it can be harnessed after years of research. 
Solar air collector systems were created with the primary goal of gathering as much heat energy as possible while reducing pumping 
costs. In order to decrease the consumption of oil, gas, electricity, and other equivalent sources of heat, several different forms of 
solar heating systems have been devised (Kumar et al. 2017).

One of the most promising uses for air solar collectors is providing hot air for drying agricultural and marine products, 
or air conditioning processes especially in winter. In these devices, solar energy is converted to heat which is transferred to 
air. The most prevalent solar collectors used for domestic water heating are the flat-plate collectors. Compared to solar water 
collectors, air collectors are less expensive and require less maintenance. A traditional flat-plate collector is a metal box insulated 
with a plastic or glass lid (termed as the glazing) with an absorber of dark color. Lower than 80 °C temperatures can be used 
to heat liquids or air. Traditional collectors have a lower thermal efficiency because of low heat transfer convective coefficient 
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through the absorber and the moving air stream (Amraoui and Aliane 2018; Yadav and Bhagoria 2013). By adding baffles or other 
impediments to the absorber surface of the collectors, altering number of covers and passes of flow, dual glassing, or making 
corrugation in the absorber, the system’s thermal performance can be enhanced. As a result, the absorber and the coefficients 
of air heat transfer will be higher (Hakam et al. 2016; Hedayatizadeh et al. 2016). Numerous researches have focused into the 
impact of various roughness geometries of absorber on heat transfer. Numerical research of solar sloped collectors was carried 
out by Varol and Oztop (2007). The results showed that transfer of heat increased with increasing aspect ratio and Rayleigh 
number but decreased when length of wave increased. Chaube et al. (2006) employed CFD to predict the improvement of heat 
transfer and characteristics of flow based on the rib-roughed absorber surface of a 2D air solar heater. Karmare and Tikekar 
(2010) used Ansys Fluent to optimize numerically the geometric design of various metal rib shapes for heat transmission of an 
absorber in air solar heater. The rib height and width of 2 mm, relative width gap of 1, relative pitch gap of 0.25, and Re ranging 
from (3000 to 18, 000 ) in rectangular air solar heater. Heat transfer improvement carried on by inclined gap with continuous 
rib arrangement was investigated by Aharwal et al. (2008). They found that the friction factor and Nusselt number increased 
by 2.2-2.87 and 1.48-2.59 times, respectively, compared with smooth collectors. Karmare and Tikekar (2010) utilized CFD 
to quickly and economically assess flow of fluid and transmission of heat in air solar heaters. A collection plate with 600 ribs 
in the forms of circles, squares, and triangles was used in their experiment. The direction of the airflow was inclined. On the 
surface, the ribs were staggered out in a specified grid. The ribs maximized heat transfer due to their square cross-section and 
580 angle of attack. When a square plate was utilized instead of one with a smooth surface, heat transmission is improved by 
30%. Chaichan et al. (2016) raised the temperature of the surrounding air by nearly 101 percent using an aluminum flat plate 
installed in a 1 m2 opaque heater Solar Air Collector (SAC). The stream of air entered from top and exited from bottom of the 
collector. The researchers showed that by absorbing heat from solar radiation, an aluminum absorber may be used as a heating 
source which was essential to augment the thermal performance of the solar heater. Darici and Kilic (2020) combined two 
SAC, an absorber corrugate in the form of trapezoidal and another flat absorber. They examined how SAC thermal efficiency 
was impacted by the absorber form and air mass flow rate. There were used three rate values of mass flow for air: 0.022, 0.033, 
and 0.044 kg/s. Results indicated that when the rate of mass flow was reduced, SAC output temperature increased. The highest 
difference of temperature in the SAC with a trapezoidal absorber was about 9 °C greater than in flat absorber at a mass rate of 
0.022 kg/s. SAC thermal performance increased as the rate of mass flow increased when employing the trapezoidal absorber plate 
at 0.044 kg/s, with a daily average thermal efficiency about 63%. Zheng et al. (2017) created mathematical models to evaluate 
the thermal performance of corrugated model SAC in cold-climate environments. In contrast to the temperature of the input 
air and the width of the corrugated plate, the collector thermal efficiency decreased as the corrugation height, surface area, 
intensity of radiation, velocity of air, and temperature of ambient were increased. Both exegetical and thermal efficiency attained 
73 percent. Manjunath et al. (2018) used a CFD analysis for a SAC with sinusoidal shape absorber. The values of Re used were 
4,000 to 24,000. In comparison to a typical air solar collector with a smooth plate, their studies showed that sinusoidal waves 
greatly increased heat transmission and improved flow disturbances, leading to an increase in average thermal efficiency by 
12.5%. To enhance thermal performance in a solar heat exchanger duct, Promvonge et al. (2022) tested a newly developed louver-
punched V-baffle (LPVB) vortex generator analytically and experimentally. Air was employed in the test fluid, flowing through 
the continuously heated duct at Reynolds numbers (Re) ranging from 5,300 to 23,000. According to their research, the LPVB 
with PR (relative baffle pitches) = 1.5, (louver angle) = 45°, and LR (relative louver size) = 0.9 performs at its best. Two semi-
cylinders, two flexible baffles, and alternately attached lower and upper channel walls were used in Salih et al. (2023) study of a 
forced fluid flowing inside a horizontal channel. The semi-cylinders, which are heated by constant temperature, are filled with a 
phase-change substance. While the pressure drop throughout the channel significantly diminishes, the Nusselt number is only 
marginally (0.9%) increased by the flexible baffles with a lower modulus of elasticity.

Based on the previous survey of the literature, it appears that relatively little researches employed a 3D transient numerical 
studies analysis with variable climatic conditions of artificially roughened SAC having an absorber in the form of v-corrugated 
plate, which makes the present work novel. Using a unique CFD analysis, the current work intends to fill a knowledge gap by 
systematically analyzing the unsteady, 3D flow and influence of v-corrugated absorber on heat transmission and fluid friction 
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in SAC. Additionally, this work examines the change of meteorological factors, including solar radiation, temperature of 
environment, wind velocity, and temperature of inlet air, and how these parameters affected the effectiveness of various solar 
air collectors’ arrangement (smooth absorber plate SAC and v-corrugated absorber plate SAC). This study’s main objective is 
to find out how air solar collectors’ average Nusselt number, average friction factor, and thermal performance are influenced 
by factors like Re, relative roughness height (e/H), and relative roughness pitch (p/H) of absorber plates. In order to establish 
a parametric investigation, a v-corrugated absorber plate SAC was compared to a smooth flat plate SAC using COMSOL 
SOFTWARE V5.5.

MODEL DESCRIPTION

A schematic of the three-dimensional SACs are displayed in Fig. 1, which has a conventional flat plate SAC (smooth absorber 
plate SAC). A collection of equal-sided triangles makes up the v-corrugated plate geometry. The SAC is a box of metal with a 
bottom made of dark-colored aluminum absorber plates, a top made of extremely transparent, anti-reflective glass called glazing, 
and a space between them. The bottom surface of the absorber is insulated by using a glass wool layer to prevent losses of heat. 
Air temperature rises as a result of heat transfer of the absorber caused by solar radiation that penetrates the glassing layer, falls 
on the absorber, and causes increase in temperature. The collector length and width are 1.2 m, 0.3 m, respectively. The other 
geometric specifications for the present SAC are shown in Table 1. CFD simulations are conducted using various collections of 
height (e), pitch (p), and Re. Each configuration of collectors is examined at three distinct values of Re ranging (500, 1000, 1500) 
corresponding to rates of mass flow (0.0014, 0.0029, 0.0044 kg/s).
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Figure 1. Thermal schematics of the solar air collectors. (a) Smooth absorber SAC; (b) V-corrugated absorber SAC.
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Table 1. Criteria for solar air collectors’ geometry.

Parameter Value Parameter Value

Absorber plate thickness, t (m) 0.001 e(m) 0.003, 0.005, 0.007

Duct height H (m) 0.03 p(mm) 0.04, 0.05, 0.06

Insulation thickness, ti (m) 0.01 e/H 0.10, 0.16, 0.23

Glass layer thickness (m) 0.004 p/H 1.33, 1.66, 2

Hydraulic diameter, Dh (m) 0.05454

Source: Elaborated by the authors.

NUMERICAL ANALYSIS

CFD Setup and Boundary Conditions
The present study used a model by COMSOL SOFTWARE V.5.5. This software is a robust interactive environment that 

is used to model and solve science and engineering problems of all kinds. With this program, a conventional model for one 
form of physics can be extended easily to Multiphysics models that simultaneously solve combined physics phenomena. 
Incompressible three-dimensional transient laminar flow model is considered. The flow is taken as laminar because of 
low values of inlet air velocity, which depend on ambient speed that ranges from 0.1-0.4 m/s. In contrast to air, whose 
thermal characteristics vary with temperature, the absorber plate, insulation, and transparent cover all have fixed thermal 
properties. The convergence limit of relative deviations of continuity, velocity components, and energy are assumed to 
be, 10-3, 10-3, and 10-6 respectively. The creation of the studied geometry is the initial stage in CFD analysis. A further 
step is to create a mesh. The input variables are solar radiation G ambient temperature Ta, inlet temperature Tin and wind 
velocity Vw. The various boundary conditions can be written as follows for both configurations (Fig. 1a and b): At inlet: 
variable inlet air temperature Tin (t) is taken. Velocity of air is considered uniform at inlet. Re is used to determine the 
average inlet velocity. At the top clear glass cover, solar radiation flux is applied and will changes during the simulated 
day, and the outer exchanges from the transparent cover to outside air are convective equal to (hca(Tg – Ta)) and radiative 
equal to (hrs(Tg – Ts)). The glass cover’s transmittance value is 0.9. Heat flux equals to (τg aab G(t)) be applied in upper 
absorber surface. Aluminum plate heat absorption coefficient is 95 percent, at the lateral and bottom plates, which are 
designated as a “adiabatic wall” because they are thought to be a good insulation. No-slip condition is applied on all walls. 
At the channel’s outlet, pressure is assumed equal to 101325 Pa. Sky temperature, TS is calculated by the formula used by 
Winbank (1963) (Eq. 1):

  (1)

Governing Equations
The unsteady incompressible laminar flow in a smooth and v-corrugated plate SAC is governed by the continuity, momentum, 

and energy equations. The following is a description of the governing equations for three-dimensional transient CFD simulations 
(Hassan 2022).

Continuity equation (Eq. 2):

  (2)
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Momentum equations (Eqs. 3–5) (Hassan 2022):

  (3)

  (4)

  (5)

Energy equation (Eq. 6) (Hassan 2022):

  (6)

Data Reduction and Grid Independence
In the current CFD model, the average Nusselt number (Nu) , average friction factor (Cf) and average thermal efficiency 

(ηth) in a smooth and v-corrugation absorber SAC are the primary research interests. For solar air collectors, the average Nu 
is calculated by Eq. 7 (Choi H and Choi K 2020; Rouissi et al. 2021; Yadav and Bhagoria 2013):

  (7)

Cf for a SACs (smooth and v-corrugation absorber) is computed by Eq. 8 (Choi H and Choi K 2020; Hassan 2022; Yadav and 
Bhagoria 2013):

  (8)

The percentage between the thermal power that is actually transferred to air and the maximum theoretical power is referred 
to as the thermal efficiency of SAC and can be written by Eq. 9 (Rouissi et al. 2021):

  (9)

where (Eq. 10 and 11):

  (10)

  (11)

The numerical domain has been discretized using elements in three dimensions. A finer meshing at v-roughened has been 
done to be able to carefully investigate the flow characteristic and heat transmission in corrugated zones. Table 2 shows the 
characteristics of the tested meshes. As seen in Fig. 2, coarser mesh has been employed in various places. Near the heating wall, 
the boundary layers are fastened together. A test of grid independence has been performed in order to reduce computation 
time while maintaining the precision of the meshes, which is important for the quality of the findings. This test for the average 
output air temperature of v-corrugated SAC and smooth SAC is shown in Fig. 2b. As a result, the mesh refinement findings 
show a difference between two sets of data that is less than 2%. Further refining has an impact on the output, but does not alter 
it by more than 1.25 percent, therefore this mesh quality is considered suitable for calculation.
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Table 2. Characteristics of the tested meshes.

Mesh 
size

Domain elements Boundary elements Edge elements

Smooth SAC v-corrugated SAC Smooth SAC v-corrugated SAC Smooth SAC v-corrugated SAC

1 Grid 1 50895 56502 12118 14044 770 1653

2 Grid 2 104001 104541 18548 20796 952 2001

3 Grid 3 234064 256391 35453 40006 1289 2804

4 Grid 4 1410114 1438827 141538 150400 2505 5603

5 Grid 5 3649021 10220004 267562 629000 3423 11783

Source: Elaborated by the authors.
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Figure 2. (a) Mesh of the solar collectors; (b) Grid independency test for outlet air temperature.

Properties of Air
Air’s thermophysical parameters are influenced by pressure, temperature, and humidity. The following thermophysical 

properties, which hold true for temperature ranges between 280 and 470 K, will be incorporated into the present model for the 
accuracy of the simulation results (Eqs. 12–15) (Rouissi et al. 2021):

  (12)

  (13)

  (14)

  (15)

RESULTS AND DISCUSSIONS

Numerical Results Validation
Thermal efficiency of the smooth absorber SAC is compared with experimental findings provided by Hameed et al. (2021) 

in order to confirm the CFD outcomes obtained in this work at various air flow rates, as seen in Fig. 3. In the present model, the 
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used climatic variables such as solar radiation, ambient temperature and wind velocity, are the as in experimental investigation 
of Hameed et al. (2021) for this validation setup in order to assess and contrast the system’s energy performance. The average 
absolute difference between the experimental and estimated values of thermal efficiency is 6.44 percent.
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Figure 3. Average thermal efficiency variation with mass flow rate: a comparison of 
the experimental research of Hameed et al. (2021) and present work.

Weather Conditions
The numerical simulation was run on a sunny September day (2/9/2019) at Kufa, Iraq, using experimental climatic data. On a 

sunny day, the solar radiation intensity peaks between 12:00 and 13:00 and exceeds 1000 W/m2. The outside temperature and 
wind speed were 40 to 49.7 0C and 0.1 to 0.4 m/s, respectively.

Velocity and Temperature Distribution
Figure 4 displays the plots of the temperature distribution contour for the two SAC types (smooth and v-corrugated) at various 

periods at (Re 1500). As air moves over the hot absorber surface, heat is transmitted to air, and the temperature of moving fluid 
slowly rises with distance along the duct. As can be seen at 15 p.m. the corrugation in the absorber causes the highest temperature 
(102oC) in the corrugated collector, but it is 95oC in the smooth, indicating an improvement in the recommended collector. Due to 
modeling, when using thermal storage of an absorbing plate, the temperature in two collectors is low in the morning (9 a.m.) and 
starts to rise to high values at around 3 p.m. (the same trend is shown in Naraghi and Blanchard (2015)).
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Figure 4. Temperature distribution for the two collectors. (a) Re = 1500 Smooth absorber solar 
air collector; (b) Re = 1500, e/H = 0.23 V-corrugated absorber solar air collector.
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Figure 5 shows the streamlines and velocity distribution for the smooth and corrugated absorber solar air collectors at values 
of (e/H = 0.23) and various values of periods for (Re = 1500). Because the flow is expected to be laminar and the velocity increases 
at the corrugated collector rather than the smooth collector, the airflow is nearly uniform inside the two collectors. The velocity 
profiles are not comparable, and a corrugated absorber is found to have a higher velocity at a rate of around 1.5 times the inlet 
velocity. As the sun radiation increased, the magnitude of the velocity increased.
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Figure 5. Streamlines and velocity distribution for the two collectors. (a) Re = 1500 smooth absorber 
solar air collector; (b) Re = 1500, e/H = 0.23 v- corrugated absorber solar air collector.

Heat transfer
Figure 6 compares a smooth absorber SAC with a v-corrugated absorber SAC using average Nusselt number and average 

output air temperature values for various (e/H) and (p/H) as function of Reynolds number. Because the v-corrugation increases 
local velocity, the corrugation in the absorber can produce better heat transfer performance than a smooth plate. The results show 
as Re rises, the average Nu also rises, which improves the transfer rate of heat. For constant values of (p/H) and Re, the average Nu 
grows when (e/H) increases. This is because, at a given amount of Reynolds number, the local air velocity increases more rapidly 
as the height (e/H) increases, leading to improved heat transfer performance. It is also evident from the data given, at a fixed value 
of (e/H) and Re, the average Nu rises as the (p/H) drops. The number of corrugations rises when pitch (p/H) decreases. The flow 
acceleration area expands as the number of corrugations rises, as a result the average Nu increases. The inclusion of v-corrugation 
in the absorber enhances the collector area as compared to a smooth duct and a rise in temperature of the outlet air occurs.
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Figure 6. Average Nusselt number variation for smooth and v-corrugated SACs. (a) (p/H) = with different 
values of (e/H); (b) (p/H) = with different values of (e/H); (c) (p/H) = with different values of (e/H).
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The average outlet air temperature is shown in Fig. 7 as a function of the Re for the chosen values of (e/H) and (p/H). The results demonstrate 
that, regardless of the shape of the absorber, the outlet temperature will decrease as the Reynold number rises. In addition, it is evident the 
average temperature of outlet air rises with height (e/H) for a given pitch (p/H) and Reynolds number as discussed above, and is generally 
higher than smooth because corrugated plates have the significant advantage of better solar radiation absorption than smooth ones, which 
improve the coefficients of heat transfer between the absorber and the flow of air. As compared to a smooth absorber plate SAC, which 
has an average temperature of 53 °C, a SAC of (e/H = 0.23 and p/H = 2) achieves a maximum average outlet temperature of roughly 61 °C.
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Figure 7. Variation of average temperature of outlet air for smooth and v-corrugated SACs at different values of height and pitch with Reynolds 
number. (a) (p/H) = 1.33 with different values of (e/H); (b) (p/H) = with different values of (e/H); (c) (p/H) = with different values of (e/H).

Friction Loss
One of the great challenges in designing a solar air collector is selecting the suitable parameters like average Nusselt number, average 

friction factor, and thermal performance of the collector components to achieve the best performance while keeping the lowest cost possible. 
Figure 8 displays the change of the average friction factor with Re at various heights (e/H) and pitches (p/H) for corrugated and smooth air 
collectors. In every situation, installing v-corrugation causes the average friction factor to be higher than in a smooth collector. The flow 
is obstructed by the corrugation. The results show that when the Re rises, the average Cf falls. Additionally, it is observed for a given value 
of the Re and (p/H), the average Cf increases dramatically as the (e/H) increases. It is brought on by the rise in flow route disruptions 
brought on by the rising value of (e/H). Additionally, it is observed that for fixed values of Re and height (e/H), the average Cf rises as 
(p/H) decreases. This is due to the fact that as pitch (p/H) drops, the number of corrugation zones grows and more flow blockage results.
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Figure 8. Variation of average friction factor for smooth SAC and v-corrugation SAC at distinct values of height and pitch with Reynolds 
number. (a) p/H) = 1.33 with different values of (e/H); (b) p/H) = with different values of (e/H); (c) p/H) = with different values of (e/H).
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Thermal Efficiency
Figure 9 shows the influence of Reynolds number on the average thermal efficiency of the corrugated and smooth SAC 

during the simulated day. It is demonstrated that the thermal efficiency of the two SAC rises as Reynolds number increases, and 
that corrugated absorber plates have greater thermal efficiencies than smooth ones. It is discovered that, at a given value of the 
Re and (p/H), the average thermal efficiency increases dramatically as (e/H) increases. The highest thermal efficiency is seen for 
(e/H = 0.23), (p/H = 2), and is around 46.7%, as opposed to 33.1% for a smooth collector.
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Figure 9. Variation of average thermal efficiency for smooth SAC and v-corrugation SAC at different values of height and pitch with Reynolds 
number. (a) (p/H) = 1.33 with different values of (e/H); (b) (p/H) = with different values of (e/H); (c) (p/H) = with different values of (e/H).

Thermohydraulic Performance Parameter (THPP)
Total performance of SACs, taking into account both an improvement in heat transmission and an increase in friction factor. Variation of 

THPP with Reynolds number is present in Fig. 10 for various heights (e/H) and pitches (p/H) for corrugated air collector. For a height (e/H) 
of 0.10, 0.16, and 0.23, the values of THPP ranged from 1.118 to 1.220, 1.079 to 1.161, and 1.058 to 1.157, respectively. In each case, the THPP 
values rised as the Reynolds number decreased. The results show that the values of THPP increased as the (e/H) decreased. Additionally, these values 
increased as the pitches (p/H) increased. Therefore, it can be said that for low Re, low (e/H), and higher (p/H), the v -corrugation in absorber 
plate SAC is more effective. In the range of parameters examined, greatest THPP value is 1.220 for (e/H) of 0.10, and (p/H) of 2, at a Re of 500.

TH
P
P

TH
P
P

TH
P
P

1.35

1.30

1.25

1.20

1.15

1.10

1.05

1.00

1.30

1.25

1.20

1.15

1.10

1.05

1.00

1.30

1.25

1.20

1.15

1.10

1.05

1.00

(a) (b) (c)

p/H=1.33
p/H=1.66
p/H=2

p/H=1.33
p/H=1.66
p/H=2

p/H=1.33
p/H=1.66
p/H=2

e/H=0.10 e/H=0.16 e/H=0.23

400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600

Re Re Re
Source: Elaborated by the authors.

Figure 10. Variation of THPP for v-corrugation SAC at different values of height and pitch with Reynolds number. (a) 
(p/H) =1.33 with different values of (e/H); (b) (p/H) = with different values of (e/H); (c) (p/H) = with different values of (e/H).
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CONCLUSIONS

The main findings of this investigation can be summarized as follows:
• The best ways to increase heat transfer rates from heated plates are observed to be v-corrugated roughened surfaces with 

varying height and pitch.
• The Nu and Ct are significantly influenced by the corrugation’s parameters. It is obtained as Re grows, the Ct decreases while 

Nu increases.
• At a fixed value of (p/H) and Re, the average Nu and Ct rise when the height (e/H) increases, while they reduce as (p/H) rise.
• The highest average outlet temperature is found in the v-absorber SAC, where it is around 61 oC for a (e/H = 0.23 and p/H = 2) 

as opposed to 53 oC for the smooth absorber SAC.
• The thermal efficiency is at its highest level for a v-corrugation absorber SAC at (e/H = 0.23 and p/H = 2) and it is about 46.7% 

compared to 33.01% for smooth absorber SAC, which indicate the optimal configuration for a v-corrugation absorber SAC 
is at (e/H=0.23) and (p/H=2), verify a high performance.
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