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Abstract: This study utilizes the friction factor as a means to evaluate the impact of the roughness 13 

parameter on both heat transfer and pressure drop. This work involves doing an experimental and 14 

numerical investigation on the utilization of artificial roughness in solar air heaters situated in outdoor 15 

settings. The study examines the effects of using a rectangular S-shaped arrangement of artificial 16 

roughness, both in an inline and staggered configuration. The objective of this study is to validate the 17 

enhanced thermo-hydraulic performance of solar air heaters using various arrangements of artificial 18 

roughness shapes. The parameters considered include the length of the relative roughness (d/H = 19 

1.33), the height of the relative roughness (e/H = 0.271), and the constant distance between S (b/H = 20 

0.667). The Reynolds number is varied within the range of 3000 to 10000, while the pitch range (p/H) 21 

is set to (1.667, 3.33, 5,6.667) for in-line arrangements and (l/H) is set to (0.8335, 1.666, 2.5, and 22 

3.335) for staggered arrangements. The results show that enhancing heat transfer using an artificial 23 

roughness staggered arrangement is the best. The maximum Nusselt number was observed at a 24 

dimensionless pitch-to-height ratio of 3.33 for both inline and staggered arrangements, with values 25 

of 4.87 and 4.2 times higher than that of the smooth duct, respectively. 26 

 27 

Keywords: Heat Transfer, Solar Air Heaters, Artificial Roughness, Thermo-Hydraulic Performance, 28 

Nusselt Number. 29 
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W/H Duct Aspect Ratio  h Hydraulic 

Dh Duct Hydraulic Diameter  ∇ Impact of Each Parameter 

f Friction Factor r Relative 

Q Heat  s Smooth 

Ng Number of Main Gaps  t Time 

Nu Nusselt Number  Acronyms 

g/e Ratio of Gap Width to Rib Height  CFD Computational Fluid Dynamics 

P'/P Ratio of Staggered Rib Position to Pitch  
DPSAH-

CMA 

Double Pass Solar Air Heater with a Cross-

Matrix Absorber  

r/e Ratio of Staggered Size to Rib Height  GI Galvanized Iron  

g'/e 
Relative Gap Size of Additional Gap in Symmetrical 

Rib Elements 
GCP Granular Carbon Powder  

e/Dh Relative Roughness Height  HT Heat Transfer 

p/H Relative Roughness Pitch  THIP 
Maximal Thermo Hydraulic Improvement 

Parameter  

Re Reynolds Number PCMs Phase Change Materials 

Cp Specific Heat RF-SAH Return Flow Solar Air Heater  

T Temperature Re Reynolds Number  

K Thermal Conductivity SRVG Silastic Ring Vertical Gastroplasty  

Gk Turbulence Kinetic Energy SAH Solar Air Heaters  

v Velocity  TPF  Thermal Performance Factor  

μ Viscosity  THPP Thermo Hydraulic Performance Parameter  

 31 

1. Introduction  32 

Considering the growing demands of modern societies and sustaining industrial and economic 33 

growth, energy plays an increasingly important role. The International Energy Outlook, according to 34 

Enhancing energy intake from renewable energy sources and developing energy storage technologies 35 

can reduce the unpredictability and increase the use of these sources [1]. As the world population 36 

continues to increase and the availability of fossil fuels begins to dwindle, it may no longer be viable 37 

to meet the global energy demand solely through the use of fossil fuels. The rapid depletion and 38 

increasing unpredictability of fossil fuel prices have driven the advancement of renewable energy 39 

sources as reliable alternatives for meeting our energy needs. In terms of renewable energy, solar 40 

energy has the advantage of being easily accessible and implemented. [2]. 41 

Solar air collectors heat air using solar energy, which is its main environmental benefit. Solar 42 

appliances are environmentally and health-friendly. Today's energy consumers favour solar energy 43 

goods and solutions. Solar air collectors directly heat air without electricity. Hence, solar air warmers 44 

may minimise ecosystem carbon emissions [3]. Solar energy stands out as a sustainable, abundant, 45 

and environmentally friendly renewable resource, surpassing other alternative energy sources due to 46 



   
 

 

its ethical production methods and minimal impact on the environment [4]. In the long term, 47 

renewable energy holds the potential to replace a substantial amount of conventional power. A solar 48 

air heater (SAH) is a specialized device that is engineered to capture incident solar radiation and 49 

convert it into usable thermal energy for a wide range of practical purposes [5]. One efficient method 50 

for enhancing the rate of heat transfer in a SAH is to employ artificial roughness geometry on the 51 

absorber plate (AP) [6]. Researchers conducted experiments with different roughness geometries for 52 

duct performance optimization. Their objective was to achieve the optimal balance between the 53 

improved performance of the increased pump power required to maintain airflow. 54 

Within the field of surface aerodynamics and hydrodynamics studies, researchers have undertaken 55 

investigations pertaining to the amalgamation of two distinct roughness geometries [5,7]. The year 56 

2022 witnessed the experimental evaluation of a thermal energy storage material within the tube of a 57 

double-pass solar air heater (DPSAH) that was equipped with a cross-matrix absorber (CMA). 58 

DPSAH-CMA with Phase Change Materials (PCMs) showed the highest storage effectiveness at 59 

higher mass flow rates (MFRs), which was directly proportional to solar radiation levels. DPSAH-60 

CMA-with PCM has 17% greater thermal efficiency than DPSAH-CMA-without PCM in outdoor 61 

circumstances. The energy efficiency of the DPSAH-CMA system with phase change material (PCM) 62 

was measured to be 23%, whereas the energy efficiency of the DPSAH-CMA system without PCM 63 

was found to be 15%. The DPSAH-CMA-with PCM system has a cost-benefit ratio of 0.17 64 

RM/kWhr, which is 22% lower than alternative systems [8]. A new SAH incorporating the PCM was 65 

developed in 2023. The average percentage variation between the actual and projected outlet 66 

temperatures for three phase change materials is found to be 4.50% for paraffin wax, 2.63% for 67 

acetamide, and 2.32% for stearic acid. 68 

A SAH without PCM was compared to one equipped with stearic acid, acetamide, and paraffin wax 69 

during charging and discharging. The SAHs with PCM demonstrated a 15.09% higher efficiency 70 

compared to the those without PCM. In particular, the use of paraffin wax in the solid-liquid phase 71 

change material showed an increase of 8.18% in the specific absorption rate, whilst the utilization of 72 

acetamide resulted in a 6.67% improvement compared to the SAR without PCM [9]. A study was 73 

conducted in 2022 to examine the flow characteristics of fluids passing through a heat exchanger with 74 

bench-fin configuration in an apartment setting, with the inclusion of vortex generators. By 75 

employing a numerical technique, the researchers successfully achieved a faithful reproduction of the 76 

local Nusselt number distribution characteristics in the given geometry [7]. In order to improve the 77 

efficiency of heat conduction, a range of geometries are employed, which may involve the utilization 78 



   
 

 

of either a singular form of roughness or a mixture of two distinct types of roughness elements [6]. 79 

The SAH is a one-of-a-kind heat exchanger that generates thermal energy for residential heating, 80 

greenhouses, the drying of agricultural products, certain industrial applications, and places where 81 

conventional energy sources are necessary [10]. 82 

The development of the SAH device aimed at energy storage through the use of a series of five 83 

evacuated tubes, along with the incorporation of storage materials. The innovative SAH gadget 84 

examines heat transport and extends system operation. The device outlet temperatures were measured 85 

at 110 °C and 118 °C when operating at a mass flow rate of 0.006 kg/s, both with and without the 86 

presence of storage materials. These measurements were taken at different airflow rates. Charged 87 

storage materials reach 95 °C. With and without storage material, thermal efficiency achieved 64.23 88 

and 31.02 % at 0.05 kg/s airflow. Maximum usable power reaches 3190 and 2836 W [11]. Also, in a 89 

research study, the researchers analyzed the impact of using a curved shape in a SAH by employing 90 

mathematical and computer modeling. They reported a positive effect of utilizing a curved shape 91 

[12]. Increasing the roughness level or using curved lines has a positive effect on the thermohydraulic 92 

variable [13]. Solar collectors are capable of converting the sun's irradiance into the water- or air-93 

heating heat. SAHs have found application in a wide range of energy-saving scenarios, especially 94 

where a low to moderate air temperature is needed. SAHs offer advantages by eliminating risks 95 

associated with leaks, freezing or stagnation, and environmental or health hazards. However, the 96 

limited heat-carrying capacity of air restricts their use in high-temperature operations, impacting the 97 

efficiency of solar heaters. To address this limitation, researchers have been exploring innovative 98 

methods to enhance SAH performance and reduce efficiency drops during high-temperature 99 

operations [14]. A redesigned v-corrugated AP is tested to improve the SAH collector performance. 100 

The modified and standard v-corrugated collectors with jet plate blown systems are evaluated for 101 

thermal efficiency. Model-1 is the modified system and Model-2 the conventional system. Model-1's 102 

increased thermal efficiency shows that the updated model improves heat exchange efficiency [15]. 103 

One of the most commonly recommended techniques for increasing passive HT and improving the 104 

thermal effectiveness of SAHs is artificial roughness on the AP [3]. One of the widely recognized 105 

techniques involves the placement of impediments within the flow stream on the absorbent plate. 106 

They are diverse as obstacles in the form of rib[16,17], fins[18,19], baffles[20,21], ailerons[22–24]. 107 

A SAH comprising a PCM block heat storage unit was tested in Eastern Morocco under real-world 108 

climatic conditions. The examination involved utilizing computational fluid dynamics (CFD) along 109 

with a C++ code that incorporated user-defined function types. This work optimised the SAH for 110 

apricot drying conditions. SAHs without PCM rise beyond 70 °C, which might degrade product 111 



   
 

 

quality. A tilt of 60° has been found to have a positive impact on the mass flow rate of natural 112 

convection, resulting in an increase in the output temperature of the solar air heater and a faster 113 

melting process of the phase change material. The drying chamber investigated these ideal scenarios. 114 

Forced convection improved air homogeneity and temperature [25].  115 

In a study, AP undersides had three-arc rib roughness. The study thoroughly examines the 116 

performance of a single glazed duct solar air heater under conditions of steady flow. The study focuses 117 

on several roughness components, such as the number of gaps (ranging from 1 up to 3), The relative 118 

gap width ranges from 0.5 to 1.5, whereas the relative gap position ranges from 0.3 to 0.9. This 119 

comprehensive examination aims to gain valuable insights into the impact of these roughness 120 

elements on the SAH 's efficiency. The Nusselt number (Nu) and friction factor (f) have a quadratic 121 

association that is generally applicable, with percentage variations from experimental values of 122 

around 6.15% and 5.74%, respectively. The optimal thermal hydraulic performance, with a relative 123 

gap width of 1, gap location at 0.6, and three gaps, is determined to be 3.85 [26]. In Moradabad, India, 124 

a study was conducted to test modified SAHs equipped with PCMs under the local climate conditions. 125 

The thermal performance metrics of these redesigned systems were evaluated for different MFRs 126 

(0.01, 0.02, and 0.03 kg/s) and PCM masses. The SAH with PCM-filled miniature cylindrical tubes 127 

exhibited a notable enhancement as compared to the SAH with a flat absorber plate under conditions 128 

of forced convection. It achieved a maximal temperature differential between exhaust air and ambient 129 

air ranging from 2 to 9 °C. Among the configurations tested, Configuration 4 was identified as the 130 

most effective for room heating and agricultural drying purposes. It achieved an exhaust temperature 131 

of 48°C for at least 9.8 hours per day, resulting in a daily efficiency of 66%. This configuration 132 

showed promising results for enhancing energy utilization in heating and drying applications [27]. 133 

The comprehensive experimental analysis included the examination of several parameters, such as 134 

the aspect ratio (W/H) of the duct, which was set at 12. The relative roughness height (e/Dh) was 135 

determined to be 0.043, while the relative roughness pitch (p/H) was set at 10. The angle of attack 136 

(α) was established at 60 degrees. Additionally, the ratio of gap width to rib height (g/e) was 137 

determined to be 4, and the ratio of staggered rib position to pitch (P'/P) was set at 0.4. The ratio of 138 

staggered size to rib height (r/e) was established at 4. Furthermore, the relative gap size of an 139 

additional gap in symmetrical rib elements (g'/e) was varied between 0.5 and 2. Finally, the number 140 

of main gaps (Ng) was set at 4. The suggested roughness geometry was compared to prior geometry, 141 

and it showed remarkable results. The results indicate that the maximum increase in f and Nu was 142 

found to be 2.70 and 2.51 times higher, respectively, compared to a flat plate, under the conditions 143 

where the ratio of the groove height to the equivalent roughness height (g'/e) was 1 and the ratio of 144 



   
 

 

the groove depth to the groove width (d/w) was 0.65. The thermal hydraulic performance (THP) 145 

reached 1.82 under the same conditions (d/w = 0.65 and g'/e = 1). These findings indicate significant 146 

improvements in HT and flow resistance compared to previous geometry configurations [28]. The 147 

researcher concentrated on a practical experiment with an artificially roughened SAH [29]. The 148 

Baffles 90° models were used to determine the optimal baffle position. After testing, it was found 149 

that positioning the baffles in the center of the second model with 18 bars resulted in an efficiency of 150 

85%. SAH-A and SAH-B were investigated using paraffin wax as an inexpensive energy storage 151 

medium. The transformation of SAH-B into SAH-C has been achieved by employing a precise 152 

combination of granular carbon powder (GCP) and paraffin wax. SAH-C outperforms both SAH-B 153 

and SAH-A. SAH-C has a thermal efficiency of 79.10%, while SAH-B and SAH-A have thermal 154 

efficiencies of 50% and 57.41%, respectively. The heat transfer coefficient for SAH-A is measured 155 

to be 249.19 W/m²K, while SAH-B exhibits a coefficient of 389 W/m²K, and SAH-C has a coefficient 156 

of 411.05 W/m²K. The upper limit of the exhaust temperature for SAH-C is recorded at 52.5°C, while 157 

SAH-B's is 46.9°C and SAH-44.7's is 44.7°C. The major qualities of SAH-C demonstrate its cost-158 

effectiveness and efficiency as a model for many applications such as space heating, drying, and 159 

lumber seasoning. The best-configured SAH-C models cost $67 [30]. A SAH composed of three air 160 

flow ducts was investigated by Singh and Dhiman in 2018, with total MFR proportions incorporated 161 

into the first and second ducts. Two scenarios were examined to assess the impact of fractional total 162 

MFR: (i) two streams with equal MFR fractions, and (ii) unequal MFR fractions passing by the first 163 

and second ducts of the SAH. In comparison to another type of recirculating heater with equivalent 164 

geometric and operational flow conditions, the suggested SAH demonstrated notably higher thermo-165 

hydraulic efficiency. This was achieved with a lower recycling ratio and an equal proportion of the 166 

total MFR. The findings suggest the superiority of the proposed SAH regarding performance and 167 

efficiency compared to the alternative recirculating heater [31]. A return flow SAH (RF-SAH) with 168 

V-type artificial assimilation was simulated and numerically studied to validate the study's results. 169 

Several researchers have made improvements to the baffles used in the RF-SAH. The research 170 

examines the thermo-hydraulic, thermal, and baffle effectiveness parameters of the RF-SAH. 171 

According to the study, using RF-SAH with baffles on both sides of the AP and a MFR greater than 172 

0.2 kg/s maximizes both thermal and thermo-hydraulic efficiency. The numerical model utilized in 173 

the study accurately matches experimental findings, with an average error rate of 16.45%. Baffles 174 

positioned below, above, and on both sides of the AP are found to maximize the thermal and thermo-175 

hydraulic effectiveness of RF-SAH. In comparison, RF-SAH outperforms Single-Flow SAHs (SF-176 

SAH) in terms of thermal efficiency.The inclusion of ideal baffle roughness improves air retention 177 



   
 

 

time, leading to a more efficient output. Overall, the study highlights the potential of RF-SAH with 178 

properly designed baffles to enhance thermo-hydraulic, and thermal performance, making it a 179 

promising technology for solar air heating applications [32]. 180 

As mentioned in the literature review, the arrangement of roughness elements on the AP has a 181 

profound effect on secondary flow development within the flow passage. The formation of secondary 182 

flow over the airfoil profile can be significantly influenced by even a little modification in the 183 

arrangement of roughness features. This underscores the importance of carefully designing the 184 

roughness element pattern to optimize the flow characteristics and improve the overall SAH 185 

performance. The main aim of this study is to examine the factors that contribute to attaining 186 

maximum heat transfer and thermal efficiency in a solar air heater through the implementation of a 187 

rectangular S-shaped artificial roughness pattern on the absorber plate. The study introduces a novel 188 

roughness element pattern that combines curvature and increased roughness, which has not been 189 

utilized by other researchers, highlighting the originality of the current investigation. The primary 190 

objective of this study is to evaluate the influence of the roughness pattern on the thermal performance 191 

and flow properties of the SAH. Additionally, the study aims to derive correlations for the Nu and f, 192 

providing valuable insights into the flow behavior and HT within the SAH equipped with the novel 193 

roughness pattern. 194 

2. Experimental Apparatus 195 

2.1. Experimental process: 196 

     The experiment was conducted in Tehran, Iran at an elevation of 900 meters. The average weather 197 

during the experiment was 31 °C, with winds blowing at 23 km/h from the south and humidity at 198 

11%. The experiment was conducted at coordinates 35.7219°N, 51.3347°E in the year 2022. Day 199 

length and number of sunny hours are optimal in Tehran. In high-latitude locations, peak sunshine 200 

hours regularly exceed 9 hours per day. It can be shown that Iran, with 300 sunny days per year, has 201 

one of the highest potentials for solar energy among all countries. Values for all constant parameters 202 

are as follows: solar intensity ranges from 100-900 W/m, and the absorptivity of the cover is 0.05. 203 

The transmissivity of the solar air heater cover is measured to be 0.8. Additionally, the absorptivity 204 

of the absorber plate of the SAH is determined to be 0.96, while the emissivity of the cover is found 205 

to be 0.94. Fig.1 depicts the experimental configuration of the SAH system. The experimental 206 

apparatus consists of a rectangular duct constructed of galvanized iron and an insulating layer of glass 207 

wool is used to prevent heat loss to the outside air. The duct has a thickness of 4 cm and a cross-208 

sectional area of 300 mm x 30 mm. To generate turbulent flow, the aspect ratio (W/H) of two channels 209 



   
 

 

in the SAH is maintained at 10. The ASHRAE standard for thermal solar collectors mandates that the 210 

minimum dimensions for the inlet and outlet be determined using mathematical formulas. 211 

Specifically, the inlet dimensions should be calculated as 5 times the square root of the product of the 212 

width (W) and height (H), while the outlet dimensions should be calculated as 2.5 times the square 213 

root of the product of the width (W) and height (H) (5√WH × 2.5√WH). Figure 1 shows the 214 

schematic of the Solar Air Heater device. A centrifugal blower propels the air, controlled by a valve. 215 

A calibrated vane-type anemometer (AM-4206M) is employed to measure the velocity of exiting air. 216 

The sun irradiance was measured using a TM-207 calibrated solar power meter, which has an 217 

accuracy of 5% and a range of 0-2000 W/m2. The test section includes a 1 mm thick aluminum AP 218 

with dimensions of 1200 mm x 300 mm. Six K-type thermocouples are utilized to monitor the outlet 219 

and input temperatures, along with the temperature of the absorbent plate, for each of the two devices. 220 

Using a data logger, all temperature values from the monitoring equipment were reliably recorded. A 221 

digital manometer measures the pressure difference between the test portions with 5% accuracy in 222 

kPa. Table 1 contains the physical characteristics of single-pass SAH. 223 

 224 

Figure 1. Schematic of Solar Air Heater device. 225 

2.2. Rectangular stripe artificial roughness: 226 

The Fig. 2 representation of artificial roughness for a rectangular stripe with an S-shaped geometry 227 

is lined and staggered. Each rectangular stripe is 0.5 mm thick and constructed from galvanized iron 228 

(GI). A particle measuring 1.2 cm in height and 4 cm in width was placed on an AP with different 229 

pitch ranges. For the silastic ring vertical gastroplasty (SRVG) in line, the pitch range was (p/H) = 230 

(1.667, 3.33, 5, 6.667), while for staggered, it was (l/H) = (0.8335, 1.666, 2.5, and 3.335). The α was 231 

set at 60° 232 



   
 

 

 233 

Figure 2. Schematic view of (a) rectangular S-shape inline, (b) rectangular S-shape staggered (c) AP with 234 

artificial roughness. 235 

 236 

Table 1. Specification of SAH with artificial roughness units in the experimental rig. 237 

Parameters Value 

Entrance length of the duct (𝐿1) 600 mm 

Testing duct length (𝐿2) 1200 mm 

Exit channel length (𝐿3) 300 mm 

Duct size (𝑊) 300 mm 

Length of the conduit (𝐻) 30 mm 

Duct hydraulic diameter (𝐷ℎ) 54 mm 

Rib height (𝑒) 10.2 mm 

Pitch (𝑃) 5,10, 15 and 20 cm 

Aspect ratio (W/H) 10 

 238 

3. Experimental Analysis   239 

After 50 minutes, the temperature of the fluid or absorbent plate has not changed, we can conclude 240 

that a steady state has been reached. The dimensionless results of the experiment are expressed 241 

through the f, Nu, and thermal enhancement coefficients. HT is determined by assuming that heat loss 242 

equals HT in a steady state. From equations (1), (2), and (3) [33]. 243 

𝑄𝑎𝑖𝑟 = 𝑄𝑙𝑜𝑠𝑠                                                                    (1)     244 

𝑤ℎ𝑒𝑟𝑒: 𝑄𝑎𝑖𝑟 = �̇�𝐶𝑝,𝑎𝑖𝑟(𝑇𝑜𝑢𝑡 − 𝑇𝑖𝑛)                          (2)   245 

     The test part's convective HT may be expressed as follows: 246 

 𝑄𝑙𝑜𝑠𝑠 = ℎ𝐴(�̃�𝑎𝑝 − 𝑇𝑎𝑚)                                               (3)   247 

In which [34] 248 



   
 

 

 𝑇𝑎𝑚 =
(𝑇𝑜𝑢𝑡+𝑇𝑖𝑛)

2
                                                            (4) 249 

And the temperature of the AP [34] 250 

�̃�𝑎𝑝 = ∑ 𝑇𝑎𝑝/12                                                              (5) 251 

The average HT coefficient that was used from experimental data and after that calculation Nu from 252 

the following expression [35]: 253 

ℎ =
�̇�𝐶𝑝,𝑎𝑖𝑟(𝑇𝑜𝑢𝑡−𝑇𝑖𝑛)

𝐴(𝑇𝑎𝑝−𝑇𝑎𝑚)
                                                      (6)    254 

Therefore, the Nu and Re were calculated using the following equations [36,37]: 255 

𝑁𝑢 =
ℎ𝐷ℎ

𝑘
                                                                       (7) 256 

𝑅𝑒 =
𝜌𝑣 𝐷ℎ

𝜇
                                                                    (8) 257 

Friction factor that calculated pressure drop given by [35]: 258 

𝑓 =
2

𝐿/𝐷ℎ

∆𝑃

𝜌𝑣2
                                                               (9) 259 

Thermal enhancement factor that expression relative to the smooth duct given by [38]: 260 

𝑇𝑃𝐹 =  
(
𝑁𝑢𝑟

𝑁𝑢𝑠
⁄ )

(
ƒ𝑟

ƒ𝑠
⁄ )

1
3

                                                    (10) 261 

 262 

4. Describe the CFD Model  263 

This study examines the impact of artificial roughness on the thermal performance and heat transfer 264 

of a single-pass solar air heater.  265 

4.1 Geometry Creation 266 

The model is created in SolidWorks 2019 and exported to Ansys Fluent 17.0 to simulate a solar heater 267 

with a smooth channel and artificially added roughness. By utilizing the same measurements as in 268 

the practical experiment, the model depicted in Table 1 is developed according to the schematic 269 

presented in Figure 3. 270 

 271 



   
 

 

 272 

Figure 3. Geometry created by the CAD program  273 

 274 

4.2 Mesh Generation 275 

     The model's mesh is visible in Figure 4. It depicts the domain as a network of triangular cells. The 276 

main objective of mesh generation in finite element method is to subdivide a domain into smaller 277 

subdomains. SAH module is meshed in Fluent utilizing the physics-controlled mesh sequence option 278 

to ensure precise resolution of the HT and flow fields. As shown in Table 2, we utilized free 279 

tetrahedral and free triangular mesh settings to generate all of the models. 280 

Table 2. Statistic of mesh generation 281 

No. Number of Nodes Number of elements 

1 2,800,989 8,673,036 

 282 

 

Figure 4. MESH representation with triangle cell for S-shaped artificial roughness and structure mesh 

dominant. 

 283 

4.3 Governing Equations 284 

The equations for momentum, continuity, and energy in three dimensions are derived based on the 285 

assumptions established in the study [39]  286 

1. Continuity Equation (Conservation of Mass): 287 



   
 

 

𝜕𝑢𝑠

𝜕𝑥
+

𝜕𝑣𝑠

𝜕𝑦
+

𝜕𝑤𝑠

𝜕𝑧
= 0                                                                (11) 288 

2. momentum equation 289 

 in x-direction  290 

𝜌 (𝑢𝑠

𝜕𝑢𝑠

𝜕𝑥
+ 𝑣𝑠

𝜕𝑢𝑠

𝜕𝑦
+ 𝑤𝑠

𝜕𝑢𝑠

𝜕𝑧
) = −

𝜕𝑝

𝜕𝑥
+

𝜕

𝜕𝑥
(𝜇

𝜕𝑢𝑠

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝜇

𝜕𝑢𝑠

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝜇

𝜕𝑢𝑠

𝜕𝑧
)            (12) 291 

 in y- direction  292 

𝜌 (𝑢𝑠

𝜕𝑣𝑠

𝜕𝑥
+ 𝑣𝑠

𝜕𝑣𝑠

𝜕𝑦
+ 𝑤𝑠

𝜕𝑣𝑠

𝜕𝑧
) = −

𝜕𝑝

𝜕𝑦
+

𝜕

𝜕𝑥
(𝜇

𝜕𝑣𝑠

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝜇

𝜕𝑣𝑠

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝜇

𝜕𝑣𝑠

𝜕𝑦
)            (13) 293 

 in z-direction  294 

𝜌 (𝑢𝑠

𝜕𝑤𝑠

𝜕𝑥
+ 𝑣𝑠

𝜕𝑤𝑠

𝜕𝑦
+ 𝑤𝑠

𝜕𝑤𝑠

𝜕𝑧
) = −

𝜕𝑝

𝜕𝑥
+

𝜕

𝜕𝑥
(𝜇

𝜕𝑤𝑠

𝜕𝑥
) +

𝜕

𝜕𝑦
(𝜇

𝜕𝑤𝑠

𝜕𝑦
) +

𝜕

𝜕𝑧
(𝜇

𝜕𝑤𝑠

𝜕𝑧
)            (14) 295 

 296 

3. Equation of energy: 297 

𝜕𝑇

𝜕𝑡
+ 𝑢𝑠

𝜕𝑇

𝜕𝑥
= 𝛼

𝜕2𝑇

𝜕𝑥2
                                                                                     (15) 298 

4. Transport equation for the RNG k-𝜀 model [40-41] 299 

𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑢𝑠𝑘)

𝜕𝑥
= −

𝜕

𝜕𝑡
[(𝑎𝑘𝜇𝑒𝑓𝑓)

𝜕𝑘

𝜕𝑥
] + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜀 − 𝑌𝑀 + 𝑆𝑘         (16) 300 

𝜕(𝜌𝑘)

𝜕𝑡
+

𝜕(𝜌𝑢𝜀)

𝜕𝑥
= −

𝜕

𝜕𝑡
[(𝑎𝑘𝜇𝑒𝑓𝑓)

𝜕𝜀

𝜕𝑥
] + 𝐺1𝜀

𝜀

𝑘
(𝐺𝑘 + 𝐺3𝜀𝐺𝑏) + 𝐺2𝜀𝜌

𝜀2

𝑘
− 𝑅𝜀 + 𝑆𝑘                 (17) 301 

In the given equation, the terms denoted as 𝐺𝑘 represent the generation of turbulence kinetic energy 302 

resulting from the mean velocity gradient and buoyancy, respectively and 𝐺1𝜀 = 0.09, 𝐺3𝜀 =303 

1.92, and 𝐺2𝜀 = 1.44 that constant respectively [42].  304 

4.4 Boundary condition  305 

    In general, the computational domain comprises a SAH duct with an AP sitting on the x-y-z plane, 306 

surrounded by the intake, outlet, and both upper and lower wall boundaries. As the equation 307 

momentums are solved in the arithmetic domain, the terms of the non-slip boundary on the airway 308 

walls are assumed throughout the whole state. The lower wall of the SAH is thermally insulated, 309 

meaning it is adiabatic. In contrast, the upper wall of the SAH is exposed to average solar radiation 310 

throughout the day, resulting in a constant heat flux of 965 W/m2. It is assumed that the temperature 311 

of the air within the duct remains constant at 300 K. In the case of the input limitations of the 312 

arithmetic range, a variable air flow rate with velocity values of (0,9, 1,5, 2, and 2.5 m/ s) is provided. 313 

At flow inlets, MFR inlet boundary conditions are often employed to determine flow velocity and all 314 



   
 

 

related numerical flow parameters. In this simulation, four uniform MFRs are established at the field's 315 

entrance. The Re is employed to determine the velocity of the flow intake. On leaving the arithmetic 316 

domain, the port boundary condition is given. At the output of the outlet, continuous pressure of 1.013 317 

x 105 Pa is applied to the outlet boundary condition. The thermo-physical parameters of air, aluminum 318 

absorption plate, and galvanized iron are displayed in Table 3. 319 

 320 

Table 3. Thermophysical Properties of the Material for Experimental Rig and Numerical Simulation 321 

Properties Air Aluminum GI Glass 

Density (ρ) 1.225 𝑘𝑔/𝑚3 2719  𝑘𝑔/𝑚3 7870 𝑘𝑔/𝑚3 2600 𝑘𝑔/𝑚3 

Specific heat (𝐶𝑝) 1006.4 j/kg k 871 j/kg k 896 j/kg k 840 j/kg k 

Viscosity(μ) 1.789e-05 kg/m-s - - - 

Thermal conductivity (K) 0.0242 w/m2-k 202.4 W/m2-k 204.2 W/m2-k 1.05 W/m2-k 

 322 

5. Results and Discussion 323 

To verify the Nu for the smooth SAH, the correlation equation from Dittus-Boelter was employed 324 

[43], as: 325 

 𝑁𝑢 = 0.023𝑅𝑒0.8𝑃𝑟0.4                                                             (18) 326 

Gnielinski Equation given by [43]: 327 

𝑁𝑢 =
(

𝑓

8
)(𝑅𝑒−1000)𝑃𝑟

1+12.7(
𝑓

8
)

1
2

((𝑝𝑟)
2
3−1)

  ;  𝑓𝑜𝑟 3000 < 𝑅𝑒 < 5 × 106    (19)  328 

To valid f for the smooth SAH, the correlation equation from the Blasius was employed [43], as: 329 

𝑓 = 0.316𝑅𝑒−0.25         , 𝑓𝑜𝑟 3000 ≤ 𝑅 ≤ 20000              (20) 330 

Petukov Equation given by [43]: 331 

𝑓 = (0.79 × ln 𝑅𝑒 − 1.64)−2          , 𝑓𝑜𝑟 3000 < 𝑅𝑒 < 5 × 106          (21) 332 

Figures 5 and 6 illustrate the connection between the f and Nu parameters with respect to the Re 333 

variable for the smooth SAH in both the present study and previously established correlation 334 

equations. The data obtained in the current study aligns well with the findings of prior correlation 335 

equations, indicating a significant level of concurrence. 336 
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 337 

Figure 5. Validation of f for the smooth SAH with the correlation equation from the Blasius. 338 

 339 

Figure 6. Nu validation for the smooth SAH using the Dittus-Boelter correlation equation. 340 

5.1 Effect of arrangement of S-shape artificial roughness on HT 341 

Figure 7 illustrates the temperature and velocity contours along the solar heater using an S-shaped 342 

roughness with inline and staggered arrangements at a Re of 7393 and α=60◦, with (d/H = 1.33, e/H 343 

= 0.271, and b/H = 0.667). This figure illustrates an S-shaped distribution of velocity and temperature 344 

for the SAH. The numerical analysis shows how the incorporation of synthetic roughness, which is 345 

embedded and overlapping, affects the velocity and temperature of the SAH. With its S-shaped 346 

roughness, heat transport will be improved. 347 



   
 

 

  

a b 

  

c d 

Figure 7. Temperature & velocity distributions for airflow along the SP-SAH for the same v=2 m/s, and at 

p/H=1.667 and l/H=0.8335: (a) inline S-shaped velocity, (b) staggered S-shaped velocity (c) inline S-shaped temp. 

(d) Staggered S-shaped temp. 

 348 

5.2 The impact of the relative roughness of a pitch 349 

 Figure 8 demonstrates the velocity contours at various p/H values. At a velocity of v = 1.5 350 

m/s and a Re = 5545, the figures show that velocity distribution is affected by the use of artificial 351 

roughness, and that pitch also has an effect on velocity distribution. 352 

  

a b 



   
 

 

  

c d 

Figure 8. Velocity contours for airflow along the SP-SAH at v=1.5 m/s with inline and S-shapes at (a) p/H=1.667, 

(b)p/H=3.33 (c) p/H=5. (d) p/H=6.667 

     Figures 9a and 9b show the temperature contours along a SAH with artificial roughness in an S-353 

shape for inline and staggered arrangements, respectively, with varying pitch values. In the case of 354 

S-shaped artificial roughness, the temperatures of p/H and l/H are observed to be higher and farther 355 

from the absorber, as indicated by the contours. The temperature contours indicate that the staggered 356 

S-shape has a maximum temperature of 327 K, while the inline S-shape has a maximum temperature 357 

of 324 K. This also suggests less air mixing and turbulence, resulting in a larger variance in air 358 

temperature for the S-shaped inline configuration compared to the staggered configuration. 359 

  

a b 

  

c d 

Figure 9. temperature contours for airflow along the SP-SAH for the same v=1.5 m/s inline S-shapes : (a) 

p/H=1.667, (b) p/H=3.33 (c) p/H=5 ,(d) p/H=6.667 



   
 

 

 360 

  This study aims to examine the influence of pitch (p/H) on the Nusselt number of both arrangements. 361 

Figure 10 illustrates the relationship between the Nusselt number (Nu) and the dimensionless 362 

parameter (p/H). It is observed that Nu grows as (p/H) increases, reaching a peak value at (p/H=10), 363 

beyond which it subsequently falls. This is due to the optimal mixing of fluid at this value and efficient 364 

HT from the surface. 365 

 366 

Figure 10. Deviation of Nu concerning relative p/H with fixed Re=5545. 367 

 368 

5.3 The impact of Reynolds number on heat transfer 369 

   Figures 11a and 11b depict the relationship between the p/H parameter and the Nu and f variables, 370 

as well as (l/H) variable, respectively. The plots illustrate the relationship between the Nusselt number 371 

(Nu) and the friction factor (f) as a function of the Reynolds number (Re), while keeping the other 372 

roughness parameters at constant values. Figures 11a and 11b show that both the Nu and f  reach their 373 

maximum values at a p/H of 3.33 and a relative roughness length (l/H) of 1.667. Notably, these values 374 

significantly decrease on both sides of this pitch and length pair. The formation of the boundary layer 375 

is observed to occur upstream of the subsequent rib following the reattachment of the free shearing 376 

layer downstream of the rib. These processes are responsible for the observed variation. At lower p/H 377 

ratios, these phenomena are not as pronounced. Moreover, when the pitch value exceeds 3.33, there 378 

is a decrease in the quantity of reattachment sites along the surface of the heat transfer absorber plate. 379 

Nonetheless, the distance between the reattachment point and the upstream rib has a generally 380 

consistent value. Consequently, when the p/H value increases beyond 3.33 but remains below 1.667, 381 

the heat transfer rate declines. 382 



   
 

 

  

a b 

Figure 11. (a) Nu Variation regarding Re for p/H=3.33 and l/H=1.667. (b) f Variation regarding the Re for 

p/H=3.33 and l/H=1.667 

 383 

  

a b 

Figure 12. (a) f/fs ratio Variation with Re for p/H=3.33 and l/H=1.667. (b) Nu ratio Variation with the Re for 

p/H=3.33 and l/H=1.667. 

 384 

5.4 Nusselt number  385 

The investigation focused on enhancing HT using S-shaped ribs with both inline and staggered 386 

arrangements on the AP. The influence was assessed by numerical and experimental methods. Figures 387 

13 and 14 reveal that the Nu increases with the introduction of obstacles in the gas flow, as depicted 388 

in the figures. For both arrangements, the Nu initially increases with the rise in p/H and length scale 389 

(l/H) but gradually decreases beyond certain values, as observed in Figures 13 and 14. The maximum 390 

Nu occurs when the relative roughness length (l/H) is 1.667 for staggered arrangements. Nevertheless, 391 



   
 

 

it was discovered that there was a marginal drop in the Nusselt number as the pH value went from 392 

3.33 to 6.667, and the length scale (l/H) increased from 1.667 to 3.33. The changes in the Nu are 393 

attributed to the impact of clearance on airflow velocity through the gap and the fluctuating turbulence 394 

areas. As the air flows over the S-shaped rib, turbulence is generated, promoting heat transfer 395 

downstream. However, the flow velocity of air through the S-shaped rib decreases with increasing 396 

p/H and length scales (l/H). Consequently, the disrupted area of air decreases, leading to reduced HT 397 

effects. Moreover, for staggered S-shaped ribs, the Nu increased when the ratio of rib length to 398 

channel height (l/H) was 1.667, likely because of fluid reattachment downstream of the rib. The 399 

number of reattachment sites increased as the ratios of p/H and l/H rose, resulting in an increase in 400 

heat transfer. Figures 17 and 18 demonstrate a consistent ratio of the Nu to other parameters for both 401 

inline and staggered arrangements. Clearly, the Nu decreases with increasing pitch (p/H) of the 402 

surface roughness regarding a given relative roughness length (e/H). This decrease can be attributed 403 

to the reduced number of attachment locations on the AP as the p/H increases. The S-shaped 404 

configuration generates secondary currents, leading to better turbulent mixing and heat transfer, 405 

contributing to an increase in the Nu. 406 

 407 

5.5 Friction Factor  408 

Figures 15 and 16 present the 𝑓 variation concerning the p/H for an inline S-shape and (l/H) for a 409 

staggered S-shape. As the Re rises, the laminar sub-layer gets suppressed, leading to a complete 410 

emergence of turbulent flow in the duct, confirming the prediction and resulting in a decrease in the 411 

𝑓. The observed trend indicates that, for a specific value of relative roughness height (e/H), the 412 

friction factor (𝑓) reduces as the ratio of pitch to hydraulic diameter (p/H) grows for the inline S-413 

shape, and as the p/H ratio increases for the staggered S-shape. The decline in 𝑓 can be ascribed to a 414 

decrease in the quantity of obstructions inside the channel of flow. The graphic in Figures 19 and 20 415 

displays the f ratio as a function of p/H and l/H, while keeping (d/H = 1.33), (e/H = 0.271), and (b/H 416 

= 0.667) constant for various Reynolds numbers. As the Reynolds numbers grow, the ratio of friction 417 

factors falls with an increase in relative roughness pitch. This trend is observed at L/H = 3.33 for the 418 

staggered arrangement and p/H = 6.667 for the inline design. In conclusion, an increase in pitch 419 

roughness reduces heat conduction and increases friction.  420 

 421 

 422 
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a b 

Figure 13. Nu variation with respect to Re for (a) staggered S-shape and (b) inline S-shape configurations. 

  424 

  

a b 

Figure 14. f variation with respect to Re for (a) inline S-shape and (b) staggered S-shape. 

 425 
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Figure 15. Effect of (a) p/H (b) l/H on Nu ratio. 

 426 

  

a b 

Figure 16. Effect of (a) 1/H (b) p/H on f ratio. 

 427 

5.6 Effect of p/H and l/H on TPF 428 

 The artificially roughened duct's HT and flow friction properties have been investigated, and 429 

the results show that when HT improves, friction power improves as well because of an increase in 430 

the f. The findings from the current experimental and numerical investigation provide confirmation 431 

that, at a Reynolds number (Re) of 9241, the duct with roughened surfaces, characterized by a pitch-432 

to-height ratio (p/H) of 1.667, and with fixed values of diameter-to-height ratio (d/H) of 1.33, 433 

expansion-to-height ratio (e/H) of 0.271, and contraction-to-height ratio (b/H) of 0.667, along with 434 

an inclination angle (α) of 60 degrees, exhibits an average Nusselt number (Nu) that is approximately 435 

4.875 times higher than that of the smooth duct. Furthermore, a recent study conducted by Kumar 436 



   
 

 

Sahu et al. in 2022 focused on investigating curved geometries. The peak thermal performance of the 437 

SAH was seen at a certain relative roughness height (e/D) of 0.0454, roughness pitch (P/e) of 8, and 438 

an angle of attack (α) of 60°. In comparison to the conventional smooth annular passage, the annular 439 

passage with a roughened apex upstream, known as SAH, demonstrated noteworthy enhancements. 440 

Specifically, the SAH configuration resulted in a 2.83 increase in the Normalized Nu Enhancement 441 

Ratio (NNER) and a 1.50 increase in the 𝑓 Enhancement Ratio (FFER) throughout the various design 442 

and operating circumstances investigated. The maximal thermo-hydraulic improvement parameter 443 

(THIP) was calculated to be 157.49%. The statistical correlation between the 𝑓 and 𝑁𝑢 variables has 444 

been examined in relation to the low parameter of the surface with arc-shaped apex upstream and 445 

roughness geometry in the context of SAH [6]. The experimental work conducted by Singh Patel et 446 

al. and referenced in the text reveals that the highest rise in the Nusselt number is observed at a ratio 447 

of protrusion height (p) to hydraulic diameter (H) of 10. Additionally, the maximum increase in the 448 

friction factor is recorded at a p/H ratio of 8, in comparison to a uniform surface [44]. The thermo-449 

hydraulic performance parameter (THPP) achieves its optimal value when the pH is 10 and the 450 

Reynolds number is 12,364. Correlations have been established to quantify the relationship between 451 

thermal transfer and the f parameter for the SAH duct. The mathematical model utilized for the design 452 

and performance prediction of SAH ducts under various operating situations has been validated 453 

through the utilization of experimental data. The parameter provided by (Eq.12) allows for the 454 

simultaneous evaluation of thermal-hydraulic performance. Parameters with values greater than one 455 

indicate that using an enhancement device is effective, and they may be used to evaluate several 456 

configurations and determine which one is best. Figure 21 displays a comprehensive comparison of 457 

the effects of l/H and p/H on TPF. In all cases, as depicted in Figure 21, the thermal enhancement 458 

factor fluctuates based on the Reynolds number. The thermal enhancement factors ranged from 1.8 459 

to 3.5 for all parameters tested. This study examines the impact of the rib height to channel height 460 

ratio (l/H) and the pitch to channel height ratio (p/H) on the thermal performance factor (TPF). Ducts 461 

with a staggered rectangular S-shape design, featuring roughness elements spaced 1.2 cm apart (e) 462 

and a pitch of 15 cm (i.e., l/H = 1.667), exhibit excellent thermal enhancement with a factor of 3.13 463 

for the range of Reynolds numbers studied. To validate the computational fluid dynamics (CFD) 464 

model, a comparison is made between the RFSAH model without baffle parameters and the RFSAH 465 

model without porous material parameters. 466 



   
 

 

 

Figure 21. A Comparative Analysis of the Engineering and Thermal Efficiency of Different Models. 

The introduction of S-shaped ribs in the design increases the occurrence of crossflows in the spanwise 467 

direction. The induction of turbulence at numerous sites is facilitated by the integration of openings 468 

in geometries characterized by continuous shapes, hence enhancing the mixing of main and secondary 469 

flows. The heat transfer coefficient for spherical and inclined rib protrusions is notably enhanced due 470 

to the altered flow pattern in the vicinity of the roughened surface. The increased blending of primary 471 

and secondary flows occurring at the trailing edge of the inclined rib can be attributed to two key 472 

factors: the existence of a highly turbulent three-dimensional wake caused by the spherical protrusion, 473 

and the creation of secondary flow over the rib. These mechanisms work together to promote 474 

increased mixing in that specific region. The enhanced level of mixing observed in this context is a 475 

contributing factor to the elevated rate of heat transfer within the system of interest, specifically the 476 

SAH [44]. The presence of vortices near the rib contributes to a significantly higher HT rate in an AP 477 

with trapezoidal winglets alone. Incorporating trapezoidal winglets with undulating grooves in the 478 

SAH not only enhances the HT rate compared to previous designs but also reduces pressure loss to a 479 

significant extent. The incorporation of channels in conjunction with triangular, undulating ribs 480 

serves to disturb the recirculation zone that forms behind the ribs, resulting in a more significant 481 

enhancement of the heat transfer coefficient [30]. The observed distinct gaps in the roughness sections 482 

enhance the intensity of mixing between the secondary vortex flow and the primary flow, resulting 483 

in an increased heat transfer rate. The presence of surface roughness, characterized by discrete multi-484 

V-rib and staggered rib structures, promotes improved heat transfer throughout the system [5] was 485 

found to have the highest mean Nu, whereas ducts with chamfered ribs and triangular grooves [23,45]. 486 

Among the studied range of parameters, ribs combined with staggered elements were found to exhibit 487 

the lowest mean Nu when compared to ribs with a curved shape [44].  488 



   
 

 

6. Conclusions and Future Outlook 489 

The study involved conducting experiments and doing three-dimensional computational fluid 490 

dynamics analysis to examine the heat transfer and fluid flow characteristics within a rectangular duct 491 

of a solar air heater  with one wall that had been roughened. The roughened wall featured a rectangular 492 

S-shape in two configurations: staggered and inline. The thermal performance of the roughness 493 

geometry is a critical factor, where the orientation and cross-section of the irregularity hold significant 494 

relevance. The presence of ribs oriented perpendicular to the primary flow direction led in the 495 

formation of stagnant vortices behind the rib. This phenomenon caused localized zones of elevated 496 

temperature and a reduction in the heat transfer rate. Angled ribs with a gap reduced the intensity of 497 

the cross flow and failed to energize the principal flow stream, resulting in a lower HT rate at the 498 

leading edges. Circular cross-section ribs created larger eddy dimensions (recirculation zones) behind 499 

them than other cross-section ribs (chamfered, wedge, square, triangular), leading to an observable 500 

decrease in the HT rate. Despite their popularity due to accessibility and operability, circular cross-501 

section ribs exhibited such limitations. To mitigate the recirculation zone effect, transverse ribs were 502 

combined with perforations. However, creating channels on the AP physically presented challenges. 503 

The impact of the Reynolds number, roughness pitch, relative roughness pitch, and relative roughness 504 

length has been examined, revealing their influence on the heat transfer coefficient and the friction 505 

factor, respectively. The current experimental findings have been compared to numerical results 506 

obtained under flow conditions that are similar to those found in the experiments. Experimental and 507 

computational fluid dynamics (CFD) research has focused on flows with medium Reynolds numbers 508 

(Re = 3,000 to 10,000). A comparison between the Nu and the f for an artificial roughness that is 509 

staggered and shaped like a S is shown here. It was discovered that the greatest rise in the Nu takes 510 

place when the parameter values are (l/H = 1,667), (d/H = 1.33), and (e/H = 0.271), and it was also 511 

discovered that the highest f takes place at the same parameter. The maximum estimated thermo-512 

hydraulic performance factor is 3.13, suggesting that the utilization of S-shaped roughness elements 513 

results in superior performance. The following are the principal conclusions derived from the present 514 

experimental work: 515 

 Each hybrid roughness appears to have an optimal parameter configuration for 516 

maximising heat transfer while minimising friction coefficient and Reynolds number 517 

increase. 518 

 Staggered elements contribute to increased heat transfer by promoting flow reattachment, 519 

flow dispersal, and the formation of a wake behind the staggered ribs. Additionally, the 520 



   
 

 

larger openings in the rib lead to increased flow turbulence as the flow accelerates 521 

through them. These combined effects result in improved heat transfer.  Several 522 

experimental investigations have been undertaken to enhance performance by 523 

introducing complex roughness on the airfoil surface. However, the utilization of 524 

numerical and computational fluid dynamics  methods is considered a developing domain 525 

in this particular sector. 526 

 Due to the computational complexity, few studies have addressed the mathematical 527 

calculation of the roughness of curved ribs, and with proper validation, CFD can be 528 

implemented as a low-cost, quick, and effective calculation method. This procedure can 529 

determine the optimal design and number of ribs for solar heaters. Therefore, more 530 

research is required in this field. 531 

 532 
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