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Abstract

Solar air heater (SAH) has vast applications in agriculture, crop drying and other field. In
solar air heater, air temperature increases at the exit section. Research has worked extensively
in SAH field, experimentally and numerically to observe the performance of SAH. In the
present work, a 3D model of SAH is created in Design Modeler of ANSY'S and simulation is
run in ANSYS Fluent for the Reynolds number range between 2000-18000. Main objective
of the study is to calculate the Nusselt number (dimensionless number) and friction factor
influenced by pressure drop inside the duct. Numerical results are validated with the
experimental results and compared with the Modified Dittus-Boelter equation and Modified
Blasius equation. Mean percentage absolute error in simulation results are within range of
10%.
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1. Introduction

Due to the oil crisis, the high demand for energy, its availability for an extended length of
time, and its fewer harmful effects on the environment and human health, renewable energy
has emerged as a vital source of energy over the past few decades. Renewable energy is one
of the greenest and most eco-friendly energy sources that can meet the demands of current
generation. Among all the renewable, solar energy is the most prevalent, affordable, and
environmentally friendly. Numerous species have survived on earth for millions of years
because of solar radiations [1]. The abundance, accessibility, inexhaustibility, and cleanliness
of solar energy, make it the most reliable and promising source of energy. As a renewable
energy source, solar energy is completely free, very sustainable, carbon free energy source
[2], [3], available all year long and can accommodate the on-going increase in energy use
[4], [5] . Energy and cost bills can be greatly decreased by using solar radiation as a source of
energy. Utilizing solar energy for commercial and home purposes decreases the demand for
electricity for heaters and other appliances like pumping, drying, and cooking [6].
Researchers and investors are being attracted to the numerous uses of solar energy in order to
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acquire efficient solar energy systems that are clean and safe for use in heating systems [7],
[8]. One of the application of solar energy is SAH used for capturing solar energy and
utilizing this energy for heating purpose like drying crops, seasoning wood, and heating up
spaces [9] [10].

Liquid solar heaters are susceptible to a number of issues, like corrosion, fluid leakage, and
energy to pump fluid. By employing air instead of liquid in solar heating equipment, all of
these issues are solved [11] Main component of solar air heat is duct in which absorber plate
is placed to absorb solar radiations through glass, placed at the top of duct. The air is
circulated through forced convection, absorbs heat and used for space heating and other
purposes [12]. However low efficiency of solar air heater may results in limited
applications[13]. There are other ways to increase thermal efficiency, including multiple
passage, multiple glazing, blockages, baffles, fins and obstructions, but the use of artificial
repeated-rib roughness is the one that is most commonly praised and acknowledged. [11]. For
enhancing effective efficiency and thermal efficiency, earlier works on SAH have used
artificial roughness [10] , wire mesh, obstacle, blockages [14][15], ribs [16], phase change
materials [17], duct modification, corrugated surfaces, multiple glazing passes, porous media,
and other techniques [18]. Research on solar air heater is going continuously in past, however
over the past ten years, there has been a rise in the usability and application of CFD based
software simulations to assess the heat transfer characteristics of solar thermal systems as
SAH [19]. As CFD simulation is affordable and are best suitable, when its becomes difficult
to test experimentally due to time and money constraints. It is also observed that CFD results
obtained are in range of acceptability of experimental results [16], [20], [21]. In the present
work, a CFD simulation is represented for SAH duct having no artificial roughness (smooth
duct) and results are validated with the experimental results of [22] and also with the
equations available in the literature.

2. CFD Modelling and Simulation

The current work has been completed using ANSY'S Fluent software, which is based on CFD.
The CAD model of duct is designed in ANSYS Design Modelar, having test section

dimension of 1000 mm length (l,) , 300 mm width (W, ) and 25 mm height (h,) . As per
ASHRAY, standard test section (Fig.1) is divided into three parts, entrance section of length

95, fwd hy (for fully develop flow), middle section is test section and the end section of length
2.5,/w;h ¢ [5], where “W; ”and * h, > are the width and height of the test section.

3. Grid or Mesh generation

Meshing of the 3D model is carried out in the ANSY'S software. Coarse meshing is adopted
at the entrance section, as there is no heat transfer gradient available in that section. Then fine
mesh is generated in the middle (test section), because it is the main part for analysis. Then
again, coarse mesh is generated in exit section. Fine meshing is done towards the absorber
plate having more gradients of heat transfer. In-generated mesh, orthogonal quality is as
follows: min (1), max (1), and average (1). Apart from it, minimum aspect ratio is 10.20.
Figure 2 shows the mesh generated 3D duct. Fig. 3. represents the fine mesh near the
absorber plate to capture the heat transfer gradients in simulation for better results.
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Fig. 1: Duct structure in ANSYS
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Fig. 2: Mesh generation of 3D duct
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Fig.3: Fine mesh generation near the absorber plate
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4. Assumptions and Boundary Conditions

Numerical simulation boundary conditions are shown in Fig. 4 and more details are
mentioned are as follows:

e Absorber plate kept at the bottom of the duct having 800 W/m? heat flux.

e Inlet velocity for smooth duct is obtained at different Reynolds number ranges from
2000-18000.

e Airinlet temperature is taken as ambient temperature of 300 K.

e Hydraulic diameter is calculated using equation “3” is 0.0456, which is constant
throughout the section.

e Outlet pressure at exit section is considered one atmosphere or zero gauge pressure.

 Adiabatic boundary condition or zero heat flux (0 W/m?) is used at other walls of the

duct.
Insulated Insulated Insulated
Inlet l 1 1 Outet
— Test Section —>
Insulated Absorber Plate (800 Wim?) 1

Insulated

Fig. 4: Boundary condition representation

5. Results and Discussions

5.1 Solution Methods and Grid Independence Results

The governing equations in ANSYS Fluent software are solved by finite volume method. In
solar air heater simulation, after modelling and meshing, Fluent setup is activated in which
energy equation is activated and SIMPLE algorithm is used [12]. SST k-omega turbulence is
model is selected for the simulation. Convergence criteria “none” is selected so that results
are considered converged after residuals a graph becomes flat and all flux reports are
balanced. In simulation, fluid domain is selected as air and constant fluid properties are taken
at 300 K, as there is not so much variation in properties of air with lower temperature change.
Table 1 shows the properties of air at 300 K.

Table 1: Properties of air at 300 K

Properties Working fluid air Unit
Thermal Conductivity (k,) of working fluid (air) | 0.0261 (W/m.K)
assumed constant in simulation
Dynamic Viscosity (1) of working fluid (air) assumed | 0.00001853 (kg/m.s)
constant in simulation
Specific Heat (C) of working fluid (air) assumed | 1006.3 (J/kg.K)
constant in simulation
Density (p) of working fluid (air) assumed constant in | 1.1765 (kg/m?)
simulation

Dewangan:Improvement in Performance... https://www.ijerassp.com/



Table 2 shows the grid independence results in which variation in Nusselt number and
friction factor is observed at Reynolds number (Re) 12000 is calculated by using equation (1)

Re=YPPu &
U
The Nusselt number (Nu) is calculated using equation (2)

— hD,
Nu = k_a (2
Where “h” is the heat transfer coefficient having unitW/m?.K, “Dy” is the hydraulic
diameter, and “k,” is the thermal conductivity of the fluid (air). Hydraulic Diameter (Dy) is

calculated using the equation (3)
4A
-y @)
In this instance, P denotes the duct perimeter “2(W, +h,)” at the test inlet and outlet of the
test section. Equation (4) is used to compute the friction factor (f)
¢ (AP/IdZ)Dd (4)

2pv
A grid independence test is carried out by running simulation at different mesh count and
variation in results is observed for friction factor and Nusselt number.

D,

Table 2: Grid Independence Test

Sr. Mesh elements Value of Nusselt Value of friction | % variation | % variation
No. generation number (Nu) factor (f) in (Nu) in (f)

1 360000 44.8 0.008199

2 3262500 42.19 0.007973 5.81 2.76

4 5381250 40.68 0.007889 3.58 1.06

4 8855000 40.19 0.007863 1.22 0.33

5 12000000 40.18 0.007863 0.03 0

5.2 Comparison of Nusselt number

The CFD results are validated with the experimental results and compared with the Modified
Dittus Boelter equation. Figure 5 shows the comparative results of experimental, simulation
and equation results. It has been observed that as the Reynolds number increases from 2000-
18000 with a step size of 2000, the Nusselt number or heat transfer coefficient increases
continuously. The reason of increase of Nusselt number is explain as follows. As the
Reynolds number increases, air velocity also increases and air is more capable to carry out
the heat from inlet to outlet of the duct. Further, it is observed that, Modified Dittus Boelter
equation also captures the same trend. Mean absolute percentage error (MAPE) in Nusselt
number (experimental vs simulation) is 6.8 %. MAPE in Nusselt number (Modified Dittus
Boelter equation vs simulation) is 8.6 %.

Modified Dittus-Boelter equation for calculating Nusselt number is as follows:

Nu =0.024Re%® Pr®* (5)
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Fig. 5: Nusselt Number variation with Reynolds number
5.3 Comparison of friction factor

Friction factor details with Reynolds number are plotted in Fig. 6. In simulation results,
pressure at inlet of the test section and outlet of the test section is calculated and used to find
the friction factor of simulation results by using equation 4. Friction factor values are also
calculated from Modern Blasius equation used in equation (6) and it is found that simulation,
experimental and Modern Blasius results are in good agreement with each other.
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Fig. 6: Friction factor variation with Reynolds number
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Modified Blasius equation for calculating friction factor is given in equation (6).
f. =0.085(Re)** (6)

MAPE in friction factor (experimental vs simulation) is 6.4 %. MAPE in friction factor
(Modified Blasius equation vs simulation) is 6 %.

6. Conclusion

In the present work, simulation work is carried out for Reynolds number 2000-18000, using
ANSYS Fluent having SST k-omega turbulence model. Results are validated with the
experimental and Modified Dittus Boelter equation for Nusselt number and Modified Blasius
equation for friction factor. Mean absolute percentage error (MAPE) in Nusselt number
(experimental vs simulation) is 6.8 %. MAPE in Nusselt number (Modified Dittus Boelter
equation) is 8.6 %. MAPE in friction factor (experimental vs simulation) is 6.4 %. MAPE in
friction factor (Modified Blasius equation vs simulation) is 6 %. Seeing the optimistic results
of validation, further work can be extended for the study of heat transfer characteristics of
solar air heater in which artificial roughness, baffles, ribs effects can be studied.
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