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Solar air heaters are widely used to save energy, especially in cases where high temperatures are
not required. Among its applications are space heating, water desalination, and drying a range of
products, including marine products that are used continuously. Since the thermal efficiency of
solar air heaters is low, most research in investigating the types of roughness in terms of shape,
size, and orientation concerning the flow direction tries to achieve an optimal arrangement and
geometry of the roughness.

This article attempts to make the Nusselt number in a rectangular channel with artificial roughness
and a V-shaped arrangement repeatable.

In addition, this air heater and the method of changing the parameters are investigated and
optimized to the geometry of the roughness and operating parameters.

In this article, while examining solar air heaters and the roughness geometry of their absorber
plates, a systematic analysis using statistical modeling method, Sobel sensitivity analysis, for
important process input parameters including Reynolds number, relative groove height, relative
groove pitch and angle of incidence in the geometry of artificial roughness of the absorber plate
of'the solar air heater, has been carried out on the behavior of the Nusselt number output responses.
This article also discusses single-objective optimization to achieve the highest Nusselt number
using the Deringer statistical algorithm.

Extended Abstract

1. Introduction

the end of fossil fuels such as oil and gas, humanity must try to replace them with new energies and use

I : Nergy as one of the most significant elements of the development of society has great importance. With

non-fossil fuels [1]. It can be said that the main source of the most different forms of energy is the sun.
The sun creates its energy in a thermonuclear process by converting about six hundred and fifty million tons of
hydrogen into helium gas per second.

This process produces heat and electromagnetic radiation. The heat from this process stays in the sun and helps
to continue this thermonuclear reaction. Electromagnetic waves in the infrared, visible light, and ultraviolet ranges
are emitted in space in different directions. Only a small part of this electromagnetic radiation reaches the earth.
In other words, this electromagnetic radiation is indirectly the source of almost all types of energy used today.
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Among various energy sources, solar energy is an accessible, very low-cost, clean and pollution-free source. And
considering the long-term nature of this energy source, it can be called the brightest energy. Roughening (artificial
roughness) is generally used to enhance heat transfer by a forced convection mechanism that requires turbulent
flow on the heat transfer surface.

In short, roughening or artificial roughness is used to enhance heat transfer and consequently improve thermo-
hydraulic performance, [2].

Solar air heaters are a system that, while absorbing thermal energy from the sun, heats the air, which is the
working fluid. Solar air heaters are widely used to save energy, especially in cases where low temperatures are
required. Among its applications are space heating, water desalination, and drying of a range of products, including
marine products that are used continuously.

Solar heaters have many advantages compared to liquid-based heaters. Because the absence of liquids
eliminates problems such as freezing, leakage, and personal and environmental risks in the environment where
heat transfer takes place [3].

The general structure of solar air heaters mainly consists of an air flow channel and an absorber plate. To
minimize heat loss, thermal insulation with low thermal conductivity is used to cover the bottom and side walls.
The upper part of the air heater is also covered with a glass cover with high transmission and low absorption. This
glass coating is usually used as a single or double layer. Due to the wide range of solar air heaters in different
experimental shapes and structures, it is not easy to classify them. Norton and Akuchiba conducted a detailed study
on the different designs, construction and operating principles of a wide range of solar air heaters for drying
purposes. Research has been conducted on the classification of air heaters. In general, solar air heaters can be
classified into three models based on the model: active, passive, and combined [4].

Various methods have been investigated to improve the performance of solar air heaters and to increase the
heat transfer in solar heaters. Using fins (expanded surfaces), heat storage materials, increasing surface roughness,
which has a great impact on the performance of air heaters, are among these methods. Creating roughness (artificial
roughness) is generally used to increase heat transfer by a forced convection mechanism that requires turbulent
flow on the heat transfer surface.

In summary, to increase heat transfer and consequently improve thermo-hydraulic performance, creating
roughness or artificial roughness is used. An example of created roughness can be seen in Figure [5].

Figure 1. Sample of generated roughness

Akpinar and Koygit studied the performance of solar air heaters based on the type of their absorber plate and
examined four types of absorber plates in triangular, serrated, rectangular, and flat shapes [6].

Bayrak et al. also studied the performance of five types of solar air heaters using baffles made of aluminum
synthetic foams.

The baffles were placed on the absorber plate in two irregular and regular positions [7].

Paisaran presented a mathematical model to predict the effects of height and number of fins on the heat transfer
characteristics, performance and entropy production of a two-pass air heater with longitudinal fins.

The results showed that with increasing height and number of fins, efficiency increases, and entropy production
is proportional to the number and height of fins. The effect of air mass flow rate was not considered in this model

[8].
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Bagouri et al. designed a solar air heater using CFD, in which equilateral triangular grooves were used on the
absorber plate to create roughness [9].

This study is related to the effect of three parameters on the thermal hydraulic performance of the air heater
with roughness, which include: relative roughness area, relative roughness height, and Reynolds number.

Their research results showed that the average Nusselt number tends to increase with the increasing number of
Reynolds in all cases, but the friction factor decreases on average. On the other hand, the average Nusselt number
decreases with increasing relative roughness pitch at a constant value of relative roughness height and increases
with increasing relative roughness height at a constant value of relative roughness pitch.

Langour et al. have experimentally studied the effect of using W-shaped grooves on heat transfer, friction
characteristics, and thermal-hydraulic performance.

The absorber plate had a relative pitch of 10, a roughness height of 0.018, a channel aspect ratio of 8, a rib
height of 0.8 mm, and an impact angle in the range of 30—60°. Compared to the flat channel without roughness,
the increase in Nusselt number was 32-92%, 31-81%, and 9-56% for 60°, 45°, and 30°, respectively. Similarly,
the friction ratios were 1.57-1.39, 1.32—-1.43, respectively. The best performance was obtained at an impact angle
of 60° [10].

As can be seen, researchers have different opinions about the geometry of roughness and the degree of
influence of each parameter affecting the Nusselt number.

In this article, for the first time, using statistical mathematical modeling, while presenting a second-order linear
regression equation, the precise behavior of the geometric parameters of solar air heaters in the behavior of the
Nusselt number responses of the absorber plates has been investigated.

In this research, using single-objective statistical optimization, the quantitative effect of each of the geometric
input parameters of solar air heaters on the most important output responses has been studied.

2. Modeling

2.1. Experimental conditions

The article Reynolds number (Re), relative pitch (P/e), relative elevation (e/D), relative width (W/w), and angle
of incidence (o) are variables that are considered as input factors to investigate the behavior of the Nusselt number
in the studied roughness geometry.

Because the changes in the Nusselt number according to the formulas related to the geometry in question have
a strong dependence on the mentioned variables.

Also, the value of the Nusselt number (Nu) has been investigated and analyzed as the output response.

In this problem, an attempt is made to achieve a ideal state of the geometry that includes the highest amount
of the Nusselt number.

In this study, by examining the types of grooves, it was concluded that inclined grooves increase the heat
transfer rate more than horizontal grooves.

What can be obtained from the total work done in this field is that the use of diagonal and V-shaped roughness
can increase heat transfer while keeping the friction coefficient low. Based on the research conducted and the
articles mentioned in this study, the use of V-shaped grooves helps to increase the heat transfer rate compared to
simply inclined blades.

Diagonal blades improve the heat transfer coefficient by creating turbulence in the flow and producing vortices
upstream and downstream of the blade by directing the vortices along the blade and creating a strong secondary
flow.

V-shaping the blades helps to strengthen this by creating two secondary flows and increasing the heat transfer
rate compared to simply inclined blades. The use of V-shaped blades in a repetitive manner across the width of
the plate will improve the heat transfer rate by increasing the number of secondary flows.
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Therefore, the geometric arrangement studied in this study is V-shaped blades that are placed repetitively or
multiply across the width of the plate.

A view of the geometry can be seen in the figure below.
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Figure 2. View of the roughness geometry of the solar air heater absorber plate with multiple V-shaped arrangement [11]

2.2. Analysis

In this study, considering the Reynolds number, relative pitch, relative height and angle of incidence as input
variables, it has been modeled according to the number and response surface method and in the form of second-
order linear regression equations.

The amount of the sum of squares error of the model fitted to the data figures out the accuracy of the type of
regression equation governing the model and is significant in the design of experiments.

Considering the lowest amount of the sum of squares error for the second-order linear model equal to 130278,
the second-order linear regression equation governing the process temperature is in the form of equation (1):

-343.21 +0.007379 Re + 1804 e¢/D +9.979 W/w +2.598a +53.595 P/e - 0.000000 Re*Re
_ -6960 e/D*e/D -0.9578 Ww*W/w -0.021137 a*a -2.8724 P/e*P/e + 0.25903 Re*e/D
Nu = 1 0.000230 Re*W/w - 0.000053 Re*a - 0.000312 Re*Ple +62.16 ¢/D*W/w - 15.97 ¢/D*a (1)
-75.19 ¢/D*P/e - 0.00780 W/w*a - 0.1164 W/w*P/e + 0.01600 a*P/e

3. Results
3.1. Effect of the Reynolds number on the Nusselt number

According to the graphs in Figure 3, by increasing Reynolds number, the amount of turbulence in the flow
increases, which causes an increase in the Nusselt number. In addition, increasing the velocity or hydraulic
diameter will cause an increase in the Nusselt.
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Figure 3 .Effect of Reynolds number on Nusselt number
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3.2. Effect of relative roughness height on the Nusselt number
The graphs in Figure 4 show that by increasing the relative height, the Nusselt number increases.

As the relative height increases, the amount of turbulence in the flow boosts, which causes the Nusselt number
to increase.
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Figure 4. Effect of relative roughness height on the Nusselt number
3.3. Effect of relative roughness width on Nusselt number
The results of Figure 5 show that the best case is for a relative width close to 7.

From a relative width of 1 to approximately 7, the Nusselt number increases and then decreases again.
Therefore, an excessive rise in relative width will decline heat transfer.
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Figure S. Effect of relative roughness width on Nusselt number

3.4. Effect of angle of incidence on Nusselt number

Figure 6 shows that the optimal angle is close to 40 degrees. As the angle moves away from this value, the
Nusselt number decreases.
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Figure 6. Effect of angle of incidence on Nusselt number

3.5. Effect of relative pitch on Nusselt number

As can be seen in Figure 7, the relative pitch has a significant effect on the Nusselt number. The results show
that the best relative pitch for increasing the Nusselt number is 8. By decreasing the pitch, the flow reconnection
will not be possible, which will diminish heat transfer.

On the other hand, increasing the pitch excessively will lead to the re-formation of the laminar sublayer in a
large part of the flow.
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Figure 7. Effect of relative pitch on Nusselt number

3.6. Results of parameter sensitivity analysis

Figure 7 shows the results of the sensitivity analysis of parameters using the Sobel method, and the accuracy
of the results obtained is also confirmed.

The results show that among the input parameters, according to the percentages obtained from the Sobel
statistical sensitivity analysis method and using the Simlab software, which changes the input parameters
simultaneously with the Sobel sensitivity analysis algorithm and examines its effect on the output parameter.

In general, in examining the sensitivity of the Nusselt number behavior in this process, the Reynolds number
(Re) is 75.9%, the relative height (e/D) is 14.4%, the relative pitch (P/e) is 1.4%, the angle of incidence (o) is
1.3%, and the relative width (W/w) is 2.6%.
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Figure 7. The percentage effect of input parameters on the Nusselt number

3.7. Single-objective Nusselt number optimization using Deringer algorithm.

In this section, Considering the issues raised in the analysis of process input parameters, single-objective
optimization of the process has been conducted to achieve the maximum value in the process using the Deringer
statistical algorithm. Considering the largest limit of the model adapted to the process and considering the utility
limit of 1, the result obtained from the optimization is presented in Figure 8:

Optimal Re e/D W/w a P/e
D: 1.000 High 19998.8293 0.0430 9.9945 749926 11.9954
o Cur [19998.8293] [0.0430] [8.4509] [30.0351] [7.5796)
Predict Low 2000.2999 0.0190 1.0052 30.0351 6.0068
Nu
Maximum
y = 322.9816
d = 1.0000

Figure 8. Optimization performed to achieve maximum Nusselt number (statistical modeling)

5. Conclusion

In this paper, solar air heaters were introduced and studied in terms of structure and performance. The effect
of various parameters, including Reynolds number, relative width, relative pitch, angle of attack, and relative
height, was studied.

The main purpose of this paper is single-objective optimization of the effective parameters on the roughness
geometry of the absorber plates to increase the efficiency of solar air heaters. In this research, for the first time,
statistical mathematical modeling has been used, while presenting a second-order linear regression equation, the
precise behavior of the geometric parameters of solar air heaters in the response behavior of the Nusselt number
of the absorber plates was investigated.

In this research, using the statistical optimization method and multi-objective optimization, a method for
achieving the best geometry of the absorbed plates was presented for the first time. Sobel sensitivity analysis was
presented for the first time to quantitatively figure out the effect of changes in each of the input parameters on the
input changes. Furthermore, we consider that inclined grooves increase the heat transfer rate more than horizontal
grooves. Also, using V-shaped grooves helps to increase the heat transfer rate compared to inclined blades.
Considering that using V-shaped grooves repeatedly across the width of the plate will improve the heat transfer
rate by increasing the number of secondary flows many times.
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Therefore, the geometry under study and optimization of V-shaped grooves repeatedly across the width of the
plate was selected. Next, using the design of experiments method, mathematical modeling, and the Sobel
sensitivity analysis method, the effect of each of the important geometric and non-geometric parameters of the air
heater on the behavior of the problem responses, including the Reynolds number and the friction coefficient, was
carefully examined. Also, using the Sobel statistical sensitivity analysis method, the quantitative effect of each of
the input parameters of the problem on the responses was presented. Also, using the neural network method and
the Deringer algorithm, multi-objective optimization was performed on the behavior of the parameters, and its
results were presented in detail.

The detailed experimental analysis was carried out using the design of experiments method, statistical
modeling, and process sensitivity analysis, important input parameters including Reynolds number, relative groove
height, relative groove pitch, and angle of incidence in the geometry of artificial irregularities of the solar air heater
absorber plate on the behavior of the Nusselt number output response was carried out.

In this research, single-objective and multi-objective optimization was also conducted to achieve the highest
value of the Nusselt number using the Deringer statistical algorithm. Utilizing Sobel analysis, in examining the
sensitivity of the effective parameters in examining the sensitivity of the Nusselt number in this process, Reynolds
number (Re) 9.75%, relative elevation (e/D) 4.14%, relative pitch (P/e) 1.4%, angle of incidence (o) 1.3% and
relative width (W/w) 6.2%. Also, the highest Nusselt number was obtained at the highest Reynolds number
(20,000), the highest relative height (0.043), the lowest angle of attack (30 degrees), and the ideal relative width
was 8.45 and the relative pitch was 7.58.
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  N u = 3 . 35 ×  10  − 5   R e  0 . 92    (   e  D )  0 . 77    (   W  w )  0 . 43    (   𝛼 90 )  − 0 . 49


  ×   e x p   { − 0 . 1177    ( L n  (   W  w ) ) 2 }   e x p   { − 0 . 61    ( L n  (   𝛼 90 ) ) 2 }    (   P  e )  8 . 24


  ×   e x p   { − 0 . 1177    ( L n  (   W  w ) ) 2 }   e x p   { − 0 . 61    ( L n  (   𝛼 90 ) ) 2 }    (   P  e )  8 . 24


  ×   e x p   { − 2 . 0407    ( L n  (   P  e ) ) 2 }


  ×   e x p   { − 2 . 0407    ( L n  (   P  e ) ) 2 }


    R 2 =     S S  R    S S  T = 1 −     S S  R e s    S S  T


      R 2  A d j =       S S  R e s   ( n − p )      S S  T   ( n − 1 ) = 1 −     M S  R e s    M S  T = 1 −    (   n − 1  n − p )  ( 1 −     R 2 ) ,


      R 2  P r e d = 1 −     P R E S S    S S  T


  P R E S S =     ∑  i = 1  n    e  ( i ) 2 =   ∑  i = 1  n     ⌈   y  i −     y ^  ( i ) ⌉ 2  

