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Abstract: An exhaustive computational fluid dynamics (CFD) analysis has been conducted to 
assess the performance of a solar air heater employing perforated sine wave baffles. The study 
focused on four crucial operating parameters: Reynolds number (Re), relative streamwise pitch 
(Psw e⁄ ), angle of attack (α), and relative perforation diameter (dPD e⁄ ). The parameter ranges 
considered are: Re=3000-18000 (6 values), Psw e⁄ =8-14 (4 values), α=100-450(4 values) and  
dPD e⁄ =0.24-0.48 (4 values) while maintaining a constant aspect ratio (W/H) of 12 for the heater. 
Through meticulous evaluation, the optimal set of geometric parameters has been determined 
based on three performance-defining factors: Nusselt number (Nupb), friction factor (fpb) and 
thermo hydraulic performance (η). The findings of this study showcased the enhancements in the 
heater’s performance. The Nusselt number exhibited a 6.6-fold increase, while the friction factor 
experienced a substantial 8-fold augmentation. The significant improvement in Nusselt number 
(Nupb) attributed to the substantial boost in turbulence and the reduction of the viscous layer 
within the system. Consequently, the maximum thermo hydraulic performance achieved an 
impressive value of 3.9. 

Keywords: Computational fluid dynamics; Heat Transfer; Perforation; Sine wave baffles 

1. Introduction
To meet the constantly rising worldwide energy

requirements, solar thermal systems are essential in 
completing the panorama of traditional energy supplies. 
These systems harness abundant solar energy and convert 
it into heat and mechanical work. Solar air heaters 
(SAHs)1) and solar water heaters (SWHs) 2) 3)are the most 
used solar thermal systems. SAHs found their 
applicability widely because of varied temperature ranges. 
However, achieving high conversion efficiency remains a 
significant challenge due to various factors that impact 
their performance. The low heat conductivity of the used 
working fluids is one of the primary problems with 
SAHs. This restriction makes it more difficult for heat to 
go through the system efficiently, which wastes energy. 
Additionally, some working fluids have suboptimal heat-
absorbing capacities, which further reduces the overall 
efficiency of the system. Another issue that plagues these 
systems is the formation of viscous layers or scaling on 
the heat-absorbing surfaces, which can lead to decreased 
heat transfer efficiency. Researchers have been actively 
working to address these problems and have proposed a 
variety of approaches, categorized into active, passive, 
and compound, each offering unique solutions to enhance 

solar thermal system performance, shown in Fig. 1. These 
approaches differ in terms of their reliance on external 
energy sources. Active approaches necessitate external 
energy sources to operate effectively. They often involve 
additional mechanical or electrical components to 
improve energy conversion and heat transfer within the 
system. While these methods can be highly effective, they 
come with the drawback of increased complexity and 
energy input requirements.  In contrast, passive 
approaches have gained prominence due to their 
simplicity in design and operation. These methods do not 
rely on external power sources, making them more 
sustainable and cost-effective. Passive techniques focus 
on optimizing the system's inherent characteristics and 
natural processes, allowing them to harness solar energy 
efficiently without the need for active interventions. The 
key advantage of passive approaches lies in their ease of 
construction and use, making them more accessible to a 
broader range of applications. These methods leverage the 
inherent properties of materials and natural phenomena, 
such as convection, radiation, and conduction, to enhance 
energy capture and transfer without the complexity 
associated with active approaches. The compound 
approaches use any of the two or more active and passive 
approaches4).  
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Fig.1: Active, Passive and Compound approaches. 

In the realm of passive approaches, two key strategies 
have emerged for enhancing solar thermal systems: 
expanding the heat transfer area and incorporating 
turbulence enhancement, as depicted in Fig. 2. Recent 
research has emphasized the turbulence enhancement 
technique as a more sustainable solution, primarily 
because of its cost-effectiveness in terms of both initial 
setup and ongoing operation. However, it's important to 
acknowledge that this approach may incur higher 
operational costs owing to the increased demand for 
pumping power5).  The most common turbulence 
promoters are ribs6,7), baffles8), winglets9), protrusions10) 
etc.  

Fig. 2: Passive approaches. 

2. Literature review
Ribs and baffles of several shapes have been used to

promote solar air heater efficiency (SAHs). Among the 
commonly utilized ribs11–15) and baffle designs are 
transverse16), inclined transverse17), S-shaped, sine-
shaped18)18–21), V-shaped22), multiple V-shaped23), and 
more24–27)28–32)33–35). In addition to these geometric 
variations, baffles have also been combined with fins and 
ribs36–38) to further enhance SAH performance. 

Kabeel et al.39), performed experimental analysis on 
SAH by modifying the entrance of air. Baffled glazed 
blade was the modification. A total of nineteen fins were 
used and baffles were attached to the fins. The findings 
demonstrated that, at a given mass flow rate, the number 
of baffles directly affects SAH performance. 
Sarvanakumar et al.40), used fins and baffles to analyze the 
exergetic performance of SAHs. The governing equations 
solved using MATLAB and results reflected the 

maximum exergy efficiency of 5.2% achieved at 
optimized states. Bensaci et al.41), conducted experimental 
and numerical study to assess the performance of SAHs 
with varying baffle positions. The range of the Reynolds 
number was 2370–8430. The position of the baffles 
greatly influences the thermo-hydraulic performance of 
SAH, according to the data. Manjunath et al.42), changed 
the SAH by utilising a corrugated absorber plate that is 
sinusoidal in shape. The performance was analyzed using 
CFD by adjusting the Reynolds number, wavelength, and 
aspect ratio. Overall, modified SAH's thermal efficiency 
increased by 12.5% when compared to smooth SAH. 
Skullong et al.43), employed vortex generators of the 
winglet type in SAHs. In the investigation, generators that 
were trapezoidal and rectangular were employed. The 
findings showed that there was a significant increase in 
heat transfer because of the impinging jet produced by the 
vortex generators. Sahel et al.44), employed perforated 
baffles to improve SAHs' thermal efficiency. Four holes 
were cut and positioned in three distinct orientations to 
create the perforation. The findings showed that the 
perforated baffles' pressure drop was twelve times smaller 
than that of the plain baffles with the same shape. Jain et 
al. 45), analyzed performance of SAH using V-Shaped 
perforated baffles. The results indicated that the 
perforated baffles resulted in 4.24- and 14.73-times 
augmentation of Nusselt number and friction factor 
respectively. Ghritlahre et al.46) performed experiments to 
study the performance of SAH with arc shaped roughened 
SAH with apex up and down air flow. The results 
indicated that for the given mass flow rate the thermal 
performance of apex up is 6.9% more than apex down 
arrangements.  Ghritlahre et al47) further used different 
predictive models based on ANN and predicted the 
performance of SAH.  

It is clear from the explanation above that using baffles 
greatly improves the efficiency of solar air heaters. But 
these baffles raise the friction factors, which raises the 
need for pumping power in the end. Conversely, allowing 
for perforation in the baffles enhances heat transfer and 
lowers the friction factor. The authors have examined the 
literature and found that no study has investigated how 
perforated sine wave baffles affect SAH performance. 
Because of this, the current study aims to investigate the 
heat transfer and friction characteristics of SAH with 
inline perforated sine wave baffles using Reynolds 
number (Re), relative streamwise pitch (P𝑠𝑠𝑠𝑠/𝑒𝑒), angle of 
attack (α), and perforation diameter (𝑑𝑑𝑃𝑃𝑃𝑃/𝑒𝑒). The authors' 
work on employing sine wave baffles and their 
recommendation for perforation, particularly in the 
direction of principal flow, led to the decision to take an 
inline perforation in the baffles18,21).  
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3.  Computational Approach  
In this work, the heater surface roughened by perforated 

sine wave baffles and smooth surface solar air heaters 
were compared in terms of performance using CFD 
analysis. ANSYS 19 R3 for academic use has been 
designed for modelling and simulation. The section below 
includes an appendix that details the process used for the 
computational analysis.  

 
Fig. 3: Perforated sine wave baffles  

 
Table 1. Operating and Geometrical parameters 

S.No. Parameter Units & 
Range 

Fixed 
1 Relative height (e/H) 0.5 

2 Hydraulic Diameter (𝐷𝐷ℎ) 46.12 mm 

Geometric Parameters 

1 Relative stream wise 
pitch(𝑃𝑃𝑠𝑠𝑠𝑠 𝑒𝑒⁄ ) 

8-14 

2 Angle of attack (α) 0º-45º  

3 Relative perforation diameter 
(𝑑𝑑𝑃𝑃𝑃𝑃 𝑒𝑒⁄ ) 

0.24-0.48 

3 Reynolds Number (Re) 3000-18000 
 

3.1  Domain of Computations 
The heater’s computational domain is a rectangular 

channel with portions for the inlet, test, and exit. In 
accordance with ASHRAE guidelines, the intake and exit 
sections have maintained a minimum length. The apparent 
reason for keeping minimum lengths in the channel is to 
ensure the fully developed inside the channel48). The range 
of operating and geometric parameters are shown in Table 
1. The schematic of various dimensions of all the sections 
are mentioned in Fig. 3. 

3.2  Assumptions 
During CFD analysis, the essential presumptions are:  
1. The fluid flow is fully developed, turbulent, and 

three-dimensional. 
2. The working fluid's physical properties are 

constant. The characteristics are calculated at the 
fluid's average temperature. 

3. The fluid is incompressible. 
4. The gravitational influence and body forces are 

insignificant. 
5. At the walls, there are no-slip boundary conditions. 
6. Natural convection is believed to have a minimal 

influence. 
 
3.3  Boundary Conditions 

Inlet, outlet, absorber, and adiabatic walls are the four 
boundaries that separate the fluid domain. At 300 K, the 
air attributes are measured 49)and are mentioned in Table 
2. At the duct's inlet, the velocity admission condition is 
applied, and Re is used to compute the flow rate. The rate 
is between 0.944 and 5.661 m/sec. The no-slip boundary 
criterion is taken into consideration and the side walls are 
insulated. The absorber plate is assuming a 1000 W/m2 
steady heat flow50). Though, the intensity of solar 
irradiation varies with geographical conditions and time 
of day. However, the average heat flux value has been 
taken as 1000 W/m2 in numerous works 51,52). The pressure 
outlet is determined by the conditions at the duct's exit.    
The schematic of all boundary conditions (BC) is shown 
in Fig. 4, and the values applied are mentioned in Table 3. 

Fig. 4: Schematic of boundary conditions 
 

Table 2. Properties of working fluid 
Property Value 

Density(Kg m3⁄ ) 1.165 
Specific Heat (kJ Kg K⁄ ) 1.007 
Thermal Conductivity (W mK⁄ ) 0.0258 
Viscosity (Ns m2⁄ ) 1.87 × 10−5 

 
Table 3. Boundary Conditions 

S. 
No 

Boundary 
Type 

Condition Values 

1 Inlet Velocity Re =  3000− 18000  
Temperature 300 K(fixed) 

2 Outlet Pressure 101325 Pa 
3 Absorber Heat Flux 1000 W m2⁄  
4 Side walls No slip Thermal Insulated 
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3.4  Governing Equations 
The governing equations are appended below in Table 

4 

Table 4. Governing Equations 
Name Equation Reference 

Continuity 𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷 + 𝜌𝜌(∇.𝑉𝑉) = 0

53)

Momentum 𝜌𝜌
𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷

= 𝜌𝜌𝜌𝜌 − ∇. 𝑝𝑝 + 𝜇𝜇∇2𝑉𝑉 

53)

Energy 𝜌𝜌
𝐷𝐷𝐷𝐷
𝐷𝐷𝐷𝐷

=
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + 𝑘𝑘∇2𝑇𝑇 + ∅

53)

3.5  Grid independencies test 
The accuracy of computational results depends upon 

the meshing techniques, opted numerical scheme, and 
boundary conditions. Different meshing methods are 
available in the literature, which helps to get accurate 
results in minimum computational time. To make sure that 
the size of the grids has no bearing on the computing 
outcomes, the grid independence test has been carried out 
in this work. The 𝑁𝑁𝑁𝑁pb. is computed with a fine, system-
generated mesh for a constant Re of 10000. After that, the 
mesh was fine-tuned for the ensuing analysis, and 𝑁𝑁𝑁𝑁pb. 
was once more computed using the identical Re. After 
2707500 elements, the variation is less than 1 percent, 
according to observations. As a result, 2707500 items 
have been selected for in-depth analysis. The fluctuation 
of, Nupb. with the number of grid elements is seen in Table 
5. 

Table 5. Grid independence test 
S.No Number of 

Elements 
Nusselt 
number 
(Nupb) 

% variations 

1 950000 190.000 NA 

2 1425000 194.446 2.34 

3 1900000 198.121 1.89 

4 2375000 200.340 1.12 

5 2660000 202.203 0.93 

6 2671400 203.558 0.67 

7 2707500 203.700 0.07 

8 2755000 203.802 0.05 

The governing equations have been solved using the 
SIMPLE scheme, Renormalization-group (RNG) k–ε 
turbulence model with increased wall treatment. The order 

of 10-6 has been selected as the convergence range for the 
results. 

3.6  Data Reduction 
The pressure drops across the test section (∆𝑃𝑃)𝑑𝑑, the 

temperature of the absorber plate (Tp), and the 
temperature of the air at the output surface (To) are 
considered as outlet parameters when modelling the SAH, 
while velocity (𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎) is used as an input parameter. 𝑅𝑅𝑅𝑅 is 
utilised to calculate flow velocity. These output 
parameters are used to calculate the 𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝and 𝑓𝑓𝑝𝑝𝑝𝑝 as well 
as the η𝑝𝑝𝑝𝑝 . The collected computational results are 
analyzed using the equations mentioned below in Table 6. 

3.7  CFD model validation 
The computational results are validated by judging 

these results with standard equations and experimental 
results of Sharma et al.55), which were obtained under 
similar operating conditions. The variations of the results 
are in Fig.5.  The results of the Nusselt number (𝑁𝑁𝑁𝑁𝑠𝑠𝑠𝑠) are 
compared with the Dittus Boelter equation, and the 
friction factor (𝑓𝑓𝑠𝑠𝑠𝑠) results are compared with the Blasius 
Equation. The deviations of 𝑁𝑁𝑁𝑁𝑠𝑠𝑠𝑠  and 𝑓𝑓𝑠𝑠𝑠𝑠  results are 
6.25% % and 7.10%, respectively.  

Fig. 5: Validation of CFD results 

Table 6. Formulae used 
Parameter Symbol Governing 

Equation 
Ref. 

Area of Absorber 
plate (m2) 

𝐴𝐴𝑃𝑃 𝑊𝑊 × 𝐿𝐿 

Hydraulic 
diameter (m) 

𝐷𝐷ℎ 2(𝑊𝑊 × 𝐻𝐻)
(𝑊𝑊 + 𝐻𝐻)

56)

Air mass flow 
rate (Kg/sec) 

𝑚𝑚𝑎𝑎̇  
Cd . Ao. �

2 .ρ . (∆𝑃𝑃)𝑜𝑜
1 − β4 �

0 56) 

Velocity of 
airflow(average) 
(m/sec) 

𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎 
𝑚𝑚𝑎𝑎

𝜌𝜌𝜌𝜌𝜌𝜌

56)
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𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛 𝑅𝑅𝑅𝑅 
𝜌𝜌𝜌𝜌𝑎𝑎𝑎𝑎𝑎𝑎𝐷𝐷ℎ

µ
56)

Nusselt number 𝑁𝑁𝑁𝑁 
ℎ𝐷𝐷ℎ
𝑘𝑘

56)

Friction factor 𝑓𝑓 
2(∆P)d𝐷𝐷ℎ
4ρL𝑉𝑉𝑎𝑎𝑎𝑎𝑎𝑎2

56)

Dittus Boelter 
equation 

𝑁𝑁𝑁𝑁𝑠𝑠𝑠𝑠 0.023 × 𝑅𝑅𝑅𝑅0.8

× 𝑃𝑃𝑃𝑃0.4 

57)

Blasius Equation 𝑓𝑓𝑠𝑠𝑠𝑠 0.085 × 𝑅𝑅𝑅𝑅−0.25 58)

Thermohydraulic 
performance  

𝜂𝜂 �𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝 𝑁𝑁𝑁𝑁𝑠𝑠𝑠𝑠⁄ �

�𝑓𝑓𝑝𝑝𝑝𝑝 𝑓𝑓𝑠𝑠𝑠𝑠⁄ �0.33

59)

4. Results and discussions
This study explores the thermal characteristics of a

solar air heater using CFD data obtained from simulations. 
The comparison of these simulation results with both 
theoretical frameworks and experimental evidence from 
prior research validates and substantiates the findings. The 
ensuing section comprehensively outlines and presents 
these confirmed results. 

4.1  Effect of Perforation 
The variations of Nusselt number (𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝) by varying 

relative perforation diameter (𝑑𝑑𝑃𝑃𝑃𝑃 𝑒𝑒⁄ )  is shown in 
Fig.6(a); while the relative streamwise pitch (𝑃𝑃𝑠𝑠𝑠𝑠 𝑒𝑒⁄ ) and 
angle of attack (α) are fixed at 12 and 300, respectively. 
The measured results indicate that the increased order 
value of 𝑑𝑑𝑃𝑃𝑃𝑃 𝑒𝑒⁄ , the increases in the value of heat transfer. 
Based on Fig. 6(a), it can be observed that, 𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝 rises as 
𝑑𝑑𝑃𝑃𝑃𝑃 𝑒𝑒⁄  grows and reaches its maximum value at𝑑𝑑𝑃𝑃𝑃𝑃 𝑒𝑒⁄  
value of 0.40. Anticipatedly, in every scenario, the 
centerline jet perforated sine wave baffle wall generates a 
greater 𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝 in comparison to the absence of a baffle wall. 
Because the top of the baffle creates subordinate stream 
jets, centerline jet perforated sine wave baffles perform 
better in terms of heat transmission. The cold fluid is 
carried by these subordinate jets' various rotating vortices 
from the central core area in the direction of the sine wave 
baffle walls. These subordinate flow jets disrupt boundary 
layer growth downstream of the reattachment zones, 
interfere with flow reattachment and recirculation among 
baffles, and interact with the mainstream. 

The variations of friction factor (𝑓𝑓𝑝𝑝𝑝𝑝)  by varying 
relative perforation diameter (𝑑𝑑𝑃𝑃𝑃𝑃 𝑒𝑒⁄ ). have been shown 
in Fig.6(b); while the relative streamwise pitch (𝑃𝑃𝑠𝑠𝑠𝑠 𝑒𝑒⁄ ) 
and angle of attack (α) are fixed at 12 and 300, respectively. 
One can note that 𝑓𝑓𝑝𝑝𝑝𝑝 . rises monotonically as 𝑃𝑃𝑠𝑠𝑠𝑠 𝑒𝑒⁄  
grows. With a value of 0.48 for 𝑃𝑃𝑠𝑠𝑠𝑠 𝑒𝑒⁄ , the maximum 
value of 𝑓𝑓𝑝𝑝𝑝𝑝   has been observed. This is because the 
centerline jet perforated sine wave baffles help to increase 
turbulence stream jets, and due to this, reason increases 
the value of 𝑓𝑓𝑝𝑝𝑝𝑝 with increase 𝑃𝑃𝑠𝑠𝑠𝑠 𝑒𝑒⁄ . Figure 7 shows the 

airflow behaviour in centerline jet perforated sine wave 
baffles solar air heater. 

4.2 Effect of angle of attack 
Figure 8 shows the relationship between the 𝑓𝑓𝑝𝑝𝑝𝑝and the 

𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝 as a function of the angle of attack as a function of 
the 𝑅𝑅𝑅𝑅. (a-b). Increment in 𝑅𝑅𝑅𝑅  results in a rise in the 
𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝 and a decline in the 𝑓𝑓𝑝𝑝𝑝𝑝  for any given 𝛼𝛼 . These 
figures show that the friction factor is maximum at 𝛼𝛼of 
300, while the 𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝 is highest at 450. Additionally, the 
𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝is nearly equal at 100, 200, and 450 attack angles.  A 
plausible rationale could be that a larger angle of attack 
leads to a more notable pressure loss penalty throughout 
the test segment, but the heat transfer enhancement 
remains relatively same. As a result, as the angle of attack 
climbs above 450, the friction factor increases but the 
Nusselt number falls. 

(a) 

(b) 
Fig. 6: Variations of (a) Nupb with 𝑑𝑑𝑃𝑃𝑃𝑃 𝑒𝑒⁄  (b) fpb with 𝑑𝑑𝑃𝑃𝑃𝑃 𝑒𝑒⁄  
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(a) Single baffle view at Re=9000)

(b) Absorber plate at Re=12000

(c) Absorber plate at Re=15000

Fig. 7: Airflow behaviour at different Re. 

(a) 

(b) 
Fig. 8: Variations of (a) Nupb with α (b) fpb with α 

4.3  Effect of Pitch 
The variations in the 𝑓𝑓𝑝𝑝𝑝𝑝and the 𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝  with Psw/e are 

shown in Figs. 9(a) and (b). Figure. 9 provides a clear 
illustration of the maximum 𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝  for perforated sine 

wave baffles at a Psw/e of 12. (a). The 𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝 value is still 
much greater than that of a perfectly smooth plate even at 
Psw/e=8.0. The rate at which heat is transported from the 
absorber plate can be accelerated by raising the overall 
turbulence on the plate by increasing the number of baffles 
per unit length, even though flow reattachment might not 
happen at such a small pitch value. Pitch ratios cause the 
𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝 to peak at a value of 12. The flow seems to rejoin 
prior to the perforated sine wave baffles. 

The improved heat transfer occurs for the same reasons 
as pitch ratios of 12. Still, the average Nusselt number 
values are significantly lower for pitch ratios of 14 
because fewer perforated sine wave baffles elements are 
present per unit length of the absorber plate. Since more 
irregular perforated sine wave baffles parts per unit length 
of the absorber plate, the average Nusselt number 
continues to fall for a pitch ratio 14. 

(a) 

(b) 
Fig. 9: Variations of (a) Nupb with 𝑃𝑃𝑠𝑠𝑠𝑠 𝑒𝑒⁄   (b) fpb with 𝑃𝑃𝑠𝑠𝑠𝑠 𝑒𝑒⁄  

For pitch ratios of 12, there is a sudden increase in the 
𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝  that becomes more noticeable as the 𝑅𝑅𝑅𝑅  rises. 
Following reattachment, the flow picks up enough 
momentum to hit the perforated sine wave baffles first, 
creating substantial turbulence that speeds up heat transfer. 
It is believed that this pitch value will maximise the 
enhancement of heat transfer provided by the perforated 
sine wave baffles. Figure. 9 (b) shows how the relative 
roughness pitch affects the friction coefficient. There is 
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minimal friction because air flows through the perforated 
sine wave baffles at a pitch ratio of 8.0 without colliding 
with the absorber plate that sits between the upstream and 
downstream perforated sine wave baffles. When the pitch 
ratio is fourteen, the turbulence thus pierced. 

 
4.4  Thermo-hydraulic performance 

The current numerical investigation reveals that 𝑑𝑑𝑃𝑃𝑃𝑃/𝑒𝑒, 
𝛼𝛼 and 𝑃𝑃𝑆𝑆𝑆𝑆/𝑒𝑒  have an evident influence on the thermo 
hydrodynamic performance of the centreline jet 
perforated sine wave baffles solar air heater. As per the 
above discussion,  𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝  in jet-perforated sine wave 
baffles air channel improved with a significant rise in 𝑓𝑓𝑝𝑝𝑝𝑝. 

Figure 10(a-c) shows how several variable parameters, 
such as 𝑑𝑑𝑃𝑃𝑃𝑃/𝑒𝑒, 𝛼𝛼, and 𝑃𝑃𝑆𝑆𝑆𝑆/𝑒𝑒, affect the 𝜂𝜂 in relation to 𝑅𝑅𝑅𝑅. 
The overall performance parameter for various values of 
𝑑𝑑𝑃𝑃𝑃𝑃/𝑒𝑒 is shown in Fig. 10(a). It increases from 0.24 to 0.48 
when the value of 𝑑𝑑𝑃𝑃𝑃𝑃/𝑒𝑒 increases, and it decreases for all 
values of 𝑅𝑅𝑅𝑅. It has been shown that 𝜂𝜂 reaches its greatest 
value at 𝑑𝑑𝑃𝑃𝑃𝑃/𝑒𝑒=0.40. Because maximum heat transfer has 
been seen at 𝑑𝑑𝑃𝑃𝑃𝑃/𝑒𝑒=0.40 and the friction factor has not 
been at the greatest level, this value is the most appropriate 
to carry high heat transfer with little pumping power need. 
This is the reason for the highest 𝜂𝜂 value. Similarly, the 
total performance parameter for various values of 𝛼𝛼 is 
displayed in Fig. 10(b). It rose as the value of 𝛼𝛼 climbed 
up to 300, and then it fell as the value of 𝛼𝛼 increased further 
at all values of 𝑅𝑅𝑅𝑅. 

Figure 10(c) presents the overall performance 
parameter for a range of values of 𝑃𝑃𝑆𝑆𝑆𝑆/𝑒𝑒. The parameter 
increases from 8.0 to 12 as the value of 𝑃𝑃𝑆𝑆𝑆𝑆/𝑒𝑒 increases, 
and it decreases for all values of 𝑅𝑅𝑅𝑅. It has been observed 
that 𝜂𝜂 reaches its highest value at 𝑃𝑃𝑆𝑆𝑆𝑆/𝑒𝑒 = 12. This highest 
𝜂𝜂 value can be attributed to the fact that maximum heat 
transfer has been recorded at 𝑃𝑃𝑆𝑆𝑆𝑆/𝑒𝑒 = 12, where the 
friction factor has not reached its highest level. This value 
is therefore the most appropriate to carry high heat transfer 
with little pumping power demand. 

 
5.  Conclusions 

The key conclusions from the analysis of the data 
pertaining to the effects of perforation, flow attack angle, 
Reynolds number, and relative roughness pitch on the 
effectiveness of a flat plate solar air heater with perforated 
sine wave baffles are as follows: 
• Relative perforation diameter (dPD/e) value of 0.4 has 

been shown to be the maximum rise in the value of 𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝. 
On the other hand, the highest observed value of 𝑓𝑓𝑃𝑃𝑃𝑃. 
corresponds to relative perforation diameter value of 
0.48. 

• The greatest measured value of 𝑁𝑁𝑁𝑁𝑝𝑝𝑝𝑝 corresponds to a 
flow attack angle (𝛼𝛼) value of 450, however the 
maximum value of, 𝑢𝑢𝑝𝑝𝑝𝑝. has been seen at a flow attack 
angle (𝛼𝛼) value of 300. 

• At a relative roughness pitch (𝑃𝑃𝑆𝑆𝑆𝑆/𝑒𝑒) value of 12, the 
maximum value of 𝑁𝑁𝑁𝑁𝑃𝑃𝑃𝑃 has been seen. On the other 

hand, the highest observed value of N𝑢𝑢𝑃𝑃𝑃𝑃. corresponds 
to a relative roughness pitch value of 14. 

• It has been determined that the ideal value of 𝜂𝜂 is equal 
to 𝑑𝑑𝑝𝑝𝑝𝑝./𝑒𝑒 of 0.40, 𝛼𝛼 of 30°, and 𝑃𝑃𝑆𝑆𝑆𝑆/𝑒𝑒 of 12. The optimal 
value of 𝜂𝜂 has been found to be 3.8 for Re of 9000. 

 

(a) 
 

(b) 

(c) 
Fig. 10:  Effect of various parameters on THPP 
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