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Abstract. The problem under investigation contains a computational simulation of a specific heat exchanger with
complex geometry fins. The problem solved is potentially interesting for researchers and engineers working on
solar collectors and aerospace industry. It is known that heat transfer enhancement can be achieved by creating
longitudinal vortices in the flow. These vortices can be generated by arc-shaped fins, and a computational analysis
of such solar air channels is not a simple task. Therefore, we used a present-day commercial CFD code to solve the
problem. The mathematical problem including the main equations and their explanation, as well as the numerical
procedure was presented. The impact of arc-fins’ spacings on streamlines and temperature distributions was
completely investigated, as well as the heat transfer rate, pressure drop and thermal enhancement factor. The
Nusselt number (Nu) and friction loss (f) values of the solar air channel at AR = 1.321 (aspect ratio of channel
width-to-height) and S = Pi/2 are found to be around 11.963% and 26.006%; 21.645% and 40.789%; 26.196% and
50.314%; and 30.322% and 58.355% higher than that with S = 3Pi/4, Pi, 5Pi/4 and 3Pi/2, respectively. Importantly,
the arc-fins with Re = 12,000 at S = Pi/2 showed higher thermal enhancement performance than the one at S =
3Pi/4, Pi, 5Pi/4 and 3Pi/2 around 2.530%, 6.576%, 6.615% and 6.762%, respectively. This study contains the
information which seems to be important for practical engineers.
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1. Introduction

Solar air ducts with baffles and fins are the focus of many modern digital and applied studies. Among them, Demartini et al.
[1] numerically and experimentally studied the incompressible flow of air through a rectangular section duct, having two flat
deflectors. A commercial CFD technique was used for solving the problem. Nasiruddin and Kamran Siddiqui [2] reported the
enhancement of thermal transfer in a two-dimensional duct by inserting a plate. The impact of plate height and inclination on
the improvement of thermal transfer was investigated in detail. In this investigation, three various arrangements were analyzed,
i.e., vertical plate, upstream inclined pale, and downstream inclined plate. Promvonge et al. [3] conducted a computational
analysis of laminar fluid and isotherms in a 3D square duct provided by 45° inclined turbulators on one duct surface. The
impacts of turbulators’ sizes on the thermal-hydrodynamic fields and friction loss in this same duct were investigated and also
compared with the simple turbulator case of flat rectangular form. Liu and Wang [4] showed a novel geometric model of the
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channel with semiattached ribs. The semiattached rib performance was numerically examined by the software Fluent 6.3 in a
flow rate range from 10,000 to 25,000. Five various rib configurations and two different stations were studied. Nuntadusit et al.
[5] reported the thermal-aecrodynamic behavior of air in a duct fitted with various models of perforated ribs. They studied the
impact of the angle of inclination of perforated ribs and a position of hole on the rib geometry. The analysis was simulated at a
constant Reynolds number condition, 60,000. The impact of the flow geometry on turbulent transient forced-convection flow
in a duct of circular section with baffle-type attachments was experimentally evaluated by Tandiroglu [6]. The effects of baffle
spacing and orientation angle were analyzed. Dutta and Hossain [7] experimentally examined the local Nusselt number
distributions and the skin friction variations in a duct with perforated and inclined solid deflectors. In this work, a two baftles’
combination of same size was employed. The first deflector is mounted at the upper hot wall, while the form, arrangement, and
the station of the other deflectors were varied to identify the optimum geometry for improved thermal transfer. Wong et al. [8]
presented numerical and experimental analyses to examine the turbulent forced-convection flow of air through a duct of
horizontal rectangular section with square-shaped ribs placed on its lower wall. The impact of various inclined perforated-type
baffles on the dynamic and thermal aspects in a rectangular cross section duct with various models of vortex generators was
numerically and experimentally checked out by Ary et al. [9]. The Re number was varied from 23.000 to 57.000 and the Shear
Stress Transport k-m model of turbulence was employed in the approach to simulate the flow structure. Sripattanapipat et al.
[10] numerically analyzed the laminar periodic forced-convection flow characteristics in a 2D duct with hot surfaces fitted by
diamond model baffles in a staggered manner. The effect of the variation in the diamond baffle geometry attack angle on fluid
flow and thermal transfer in the duct was investigated and the data of this same diamond baffle were also compared with those
of the simple obstacle. Kamali and Binesh [11] reported a computer code to measure the turbulent heat transfer flow and
pressure loss in a channel of square configuration with different rib forms attached on one surface. The analysis was simulated
for various rib forms, namely, triangular, square, and trapezoidal. The considered algorithm and the calculation software were
used to report the thermal transfer evolution between two ribs. Sriromreun et al. [12] numerically and experimentally studied
the impact of obstacles on thermal transfer rate enhancement in a duct with rectangular form. In this study, the obstacles were
attached in a Z-form arranged in series on the heated upper surface, similar to the absorber surface of a solar air duct.

Thianpong et al. [13] experimentally treated the characteristics of heat transfer flow in a duct provided by twisted-rings. The
study was provided using twisted-rings with three various ratios of width and three different ratios of spacing for Re numbers
varying from 6.000 to 20.000 employing the air-type fluid as a test fluid. An numerical and experimental analysis was reported
by Tamna et al. [14] to calculate the thermal transfer and skin friction loss in a solar energy collector provided by multiple V-
baftles at various arrangement model and baftles’ spacings for the turbulent regime, Re = 4.000-21.000. Menni et al. [15-30]
presented the thermal transfer improvement with simple and complex geometry obstacles. In those studies, the impact of the
obstacle geometry and arrangement were investigated. Promvonge [31] experimentally reported a study on thermal transfer
enhancement through a square channel fitted with 30° V-fins and quadruple counter-twisted tapes. They examined the effect of
relative fin height, pitch, and attack angle on the thermo aerodynamic structure of air in the channel. Chamoli [32] applied the
Taguchi experimental design method to find the optimum design parameters of the rectangular section duct with V-downstream
perforated baffle deflectors. They examined the impacts of the four parameters such as Reynolds number, open area ratio,
relative roughness height and relative roughness pitch. Chamoli and Thakur [33] carried out an experimental analysis to
investigate the impact of fluid flow and heat transfer characteristics of air in a rectangular cross section channel which is
provided by V-downstream perforated baffles. The effects of Reynolds number (Re = 3800 - 19,000), relative roughness height
(e/H = 0.285 - 0.6), relative roughness pitch (P/e = 1 - 4= and open area ratio (from 12% to 44%) were presented. Turbulent
forced-convection fluid flow behavior was obtained. Numerical, analytical, and/or experimental works [34-45] for Newtonian,
non-newtonian, or nano fluid flows in two or three dimensional, simple or complex geometries for laminar or turbulent
regimes were reported. In these analyses, various geometry and flow parameters were treated. Kumar et al. [46] experimentally
studied the airflow over baffles of various types of arrangements of blockage, i.e., V-type solid blockage, V-type blockage with
gap, transverse perforated blockage, V-type perforated blockage, angled perforated blockage. Kumar et al. [47] carried out
another experimental study on the discrete multi V blockages in the air passages to find the impact of variation of V-baffle
blockage on the dynamic and thermal aspects. Sharma et al. [48] reported the experimental analysis and optimization of the
performance of discrete V-baffles in the solar air ducts. The heat transfer rate, skin friction, thermal hydraulic effective
efficiency, and collector efficiency were obtained. Kumar et al. [49] experimentally examined the convective fluid mechanic
and skin friction structure over discretized broken V-pattern baffle in a solar air duct. Various geometrical parameters were
investigated, i.e., gap width and location. Kumar and Kim [50], and Kumar et al. [51] evaluated, through a numerical study, the
thermal transfer and momentum behavior of air in solar air heater duct with multi V-type perforated baffles. In the present
current computational fluid mechanic analysis, the impact of arc-type baffles and fins attached repeatedly in a solar air channel
on streamlines, velocities, dynamic coefficient of pressure, isotherms, convective rate of heat transfer, skin coefficient of
friction, and performance factor of thermal enhancement are numerically determined. The arc-geometry baffle type
attachments with an angle of attack of flow of value of 45° were placed periodically into the solar air channel at five various
longitudinal separation distances of these same arc-obstacles. The arc-baffles’ spacings were not been examined previously.

The approach of Finite Volumes (FVs), the algorithm of discretization SIMPLE, the numerical scheme of QUICK, the

model of turbulence of standard k-epsilon (k-g), by means of a computational fluid mechanic technique ‘FLUENT’, were used
for solving our problem under investigation.

2. Flow Geometry under Investigation

The current solar model is a solar air channel of two-dimensional horizontal rectangular cross section (length: L = 0.554 m,
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height: H = 0.146 m) provided by arc-shaped baffle-type attachment pairs pointing upstream end and mounted on both bottom
and top surfaces with a staggered manner as reported in Fig. 1.
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Fig. 1. Geometry under examination for various arc-shaped baffles’
spacings: (a) S =Pi/2, (b) S = 3Pi/4, (¢c) S =Pi, (d) S =5Pi/4, and (e)

S =3Pi2

(e)

Fig. 2. Mesh generation for different separation distances of arc-
shaped baffles: (a) S = Pi/2, (b) S = 3Pi/4, (c) S =Pi, (d) S = 5Pi/4,
and (e) S = 3Pi/2

The simulation of computational fluid dynamics in the presence of arc-shaped baffles is conducted under the following
conditions: The arc-shaped baffles’ attack angle (8), height (%), and thickness (e) are 45°, 0.08 m, and 0.01 m, respectively. The
fluid is 2D, Newtonian (air) and incompressible with constant properties. The heat transfer, and turbulence models are forced-
convection, and standard k-epsilon, respectively. The rate of flow in terms of the Reynolds number is constant (Re = 12,000).
The axial separation distance (S) between the first and the second arc-shaped baffles is varied from Pi/2 to 3Pi/2 where Pi =
0.142 m as reported this same distance by Demartini et al. [1]. Through these conditions, our mathematical construction of the
airflow and forced-convection is governed by:

Equation of continuity:

Equation of momentum:

Equation of energy:

Equation of kinetic energy of turbulence:
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where Cig, C3g Cae, Cpu, Ok, 0:, and or are the constants of the considered model [52]. The present conditions of
boundaries are reported as:
At x=0 and -H/2<y<H/2:

u=U, (6a)
v=0 (6b)
r=T, (6¢)
2
k,, =0.005 U, (6d)
2
gin = 0 lkin (66)
At 0=x< L and y=-H/2 or y=+H/2:
u=v=_0 (7a)
k=¢=0 (7b)
T=T, (7¢)
At x=L:
ou ov 0T ok Oe
e S S A s S (8a)
ox Ox oOx Ox Ox
P=F, (8b)
Fluid/solid interface:
T -1 (92)
oT, oT
f L= /7’5 > (9b)
* On on
where n is the normal coordinate to the wall.
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Fig. 3. Variation of (a) umax/Uin and (b) TEF with nodes’ density for Re = 12,000

3. Computational Fluid Dynamic Solution

In this analysis, a flow of air is treated. The computational domain is two-dimensional. The solar air channel (SAC) is fitted
with hot top and bottom surfaces’ placed arc-shaped baffles. The mathematical is governed by continuity, momentum, fluid
energy, solid energy, turbulence kinetic energy and turbulence dissipation rate equations. The CFD technique, based on the
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commercial software FLUENT, is applied to simulate the thermal and aerodynamic fields of air in the SAC. The numerical
resolution method of finite volumes [53] is employed to calculate the fluid flow and heat transfer characteristics. The
discretization algorithm of SIMPLE-type [53] is used for the pressure-velocity coupling. The numerical scheme of Quick-type
is proposed to the interpolations [54]. The numerical scheme of SOU-model [53] is used for the pressure terms. The model of
turbulence of k-epsilon version [52] is adopted to describe the phenomenon of turbulence. The mesh is non-uniform, structured,
and quadrilateral in both flow x and y directions, Fig. 2. The tests of the independence in the grid are conducted to revel that
the solution of the grid independent can be determined. We proposed various mesh cells with the number of nodes varying
from 95 to 370, and 35 to 145 along the x and y directions, respectively.

Under the first obstacle at x =0.223 m After the second baffle at x = 0.525 m
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Fig. 4. Validation of (a) pressure coefficient and (b) axial velocity with the literature

The cell of (245 x 95) reports around 0.150 % and 0.223 % deviation in the optimal dimensionless axial velocity (Umax/Uin) and
the factor of thermal enhancement (TEF), in compared with the 370 x 145 cell, Fig. 3 (a) and (b), respectively. Therefore, the
245 x 95 cell is adopted for the rest of the current computational analysis.

The current numerical data are validated in terms of pressure coefficient (under the first baffle at x = 0.223 m in Fig. 4 (a)) and
axial velocity (after the second baffle at x = 0.525 m in Fig. 4 (b)) with the experimental and numerical data obtained by
Demartini et al. [1]. For a value of inlet velocity equal to 7.8 m/s (or Re = 8.73 x 104) and as reported on these same figures, a
very good concordance is obtained.

4. Results and Discussion

Fig. 5 gives an explanation of the internal structure of the solar channel by highlighting how the distribution of airflow
lines starting from the entrance, through the upper and lower fins to the very exit. The air enters at constant axial velocity, of
1.04963 m/s, according to the parallel lines, regular, varying severity. As the first fin approaches, the air current path begins to
deform gradually by tilting it towards the bottom of the channel. This extreme deviation causes the creation of a small
recycling area, weak in intensity. In the area between the upper and lower fins, the air current is divided into three zones. The
first is the main flow of air until it collides with the second obstacle and is turned upwards, forming a recycling area in the
front of the bottom fin (second zone). The third area is the movement of the air in reverse, forming a strong rotational loop at
the top of the channel behind the first fin. Because of the presence of the second fin and with the help of the strong upper
rotation area next to the first fin, the air is forced to move very quickly over the second fin, giving parallel lines to the output
end with the formation of a large recycling layer but low-intensity at the bottom of the channel behind the second fin.

As the distance between the fins decreases, the path of the movement decreases. The intensity of the disturbance is increased,
forming areas of recycling, strong intensity, behind the first fin, while the size of the recycling area increases beyond the
second fin, but it is always weak.

To further clarify, we add the mean velocity fields in terms of distance between the fins (see Fig. 6). The speed values increase
over the length of the main motion path from left to right. While the speed decreases next to the upper and lower fins in
recycling areas, especially the rear. The velocity values change with the distance between the fins. The velocity values are
increased by approximating the second fin of the first fin. The shortest distance corresponds to the highest speed value. The
maximal values appear in the case of the smallest distance of value S = Pi on Fig. 6 (a), on the upper left side of the second fin
and near the upper surface of the channel near its exit.

In Fig. 7, we highlight the effect of arched fins on dynamic pressure values by changing their separation distance interval. The
dynamic-pressure of the air current is reduced in several areas of the channel, including the channel's entrance to the fin's first,
as well as the back and front areas next to the fins. The dynamic-pressure values increase with the speed of the flow, especially
between the fins at the moment of collisions with the second fin and your hand next to the bottom of the channel's hot top wall.
There is an effect of the change of the space on the pressure values and as we noted earlier in the speed fields in Fig. 6. The
greater the distance between the fins, the lower the pressure values. The distance S = Pi/2 gives an important effect on the
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internal structure of the channel by forming a short and fast path with high pressure values.

stream-function: 0,02 004 006 0.08 0.1 012 014 016 018 02 022 024 026 velocity-magnitude: 05 1 1.5 2 25 3 35 4 45 5

Fig. 5. Variation of streamlines with arc-shaped baffles’ separation
distance: (a) S = Pi/2, (b) S = 3Pi/4(c) S=Pi, (d) S =5Pi/4, and (e) S
=3Pi/2.

The complex, irregular, disturbed and heterogeneous structure of airflow has an effective effect on how to distribute the
temperature inside the channel, as illustrated in Fig. 8. There is an inverse correlation between flow velocity and fluid
temperature in all studied cases. The temperature values of the air molecules in the recycling areas increase, that is, they give
good heat exchange between hot walls and fluid. In the areas between the inner walls of the channel and the fins, the

temperature drops due to high speed.

Fig. 9 (a) represents the distribution of normalized local Nusselt number (Nu,/Nuy) values along the hot top wall of the channel
for a fixed value of Reynolds number. The velocity values change by position and airflow area. The Nu./Nuy values are reduced
immediately after the channel entrance until they are not at the level of the first fin position due to the air flows from the upper
side of the channel to the lower side through the bottom of the first fin. The Nu./Nuy values in the recycling area rise behind the
first fin due to the large friction with the upper surface until their maximum value reaches the top of the second fin for the
moment of the severe collision with the upper surface. The effect of the change of distance between the fins on the velocity
values is also shown in this figure. As expected, the Nu./Nuy values are increased by decreasing the separation distance due to
increased flow velocity and severe collision with hot areas.

Fig. 9 (b) gives the changes of normalized skin friction coefficients (Cf/f) to the hot top wall of the channel. There are low
friction values next to the channel inlet because of the low contact due to the flow of air from the top to the bottom of the
channel due to the presence of the first fin. While we observe a significant increase in the Cf/fy values behind the first fin due to
the concentration of the rear recycling area until it is reduced and is missing due to the end of rotation between the fins. The
Cflfo value increases to the highest value of the moment of collision with the upper wall above the second fin due to the latter.
The Cflfo coefficient is gradually reduced near the outlet of the channel due to the direction of the flow towards the bottom, as a
result of the effective collision with the upper side. The intensity of the friction is increased by increasing the speed of the
collision and this is for small intervals.

Fig. 6. Variation of mean velocity with arc-shaped baftle spacing: (a)
S =Pi/2, (b) S =3Pi/4, (c) S =Pi, (d) S=5Pi/4, and (e) S = 3Pi/2.
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Fig. 9. Variation of normalized (a) local Nusselt number and (b) skin friction coefficient with separation distance of arc-shaped baffles

Fig. 10 (a) and (b) confirms the numerical results of the previous figure (Figs. 9a, and 9b) by highlighting the values of
normalized average Nusselt number (Nu/Nuo) and friction factor (f/fo). There is an inverse correlation between the length of the
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axial distance between the fins and the Nu/Nuo and f/fy values. The distance S = Pi/2 gives high values of Nu/Nuo and f/fo by
11.963 and 26.006; 21.645 and 40.789; 26.196 and 50.314; and 30.322 and 58.355 percent compared to those given by S =
3Pi/4, Pi, 5Pi/4, and 3Pi/2, respectively. While the longer distance for example S = 3Pi/2 shows a decrease in those transactions
by 43.518 and 140.127; 26.349 and 77.679; 12.453 and 42.179; and 5.922 and 19.308 per cent compared to those smaller
distances, i.e., S = Pi/2, 3Pi/4, Pi, and 5Pi/4, respectively.

At the upper wall of the channel At the upper wall of the channel
12001,0 7
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2 5
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Fig. 10. Variation of normalized (a) average Nusselt number and (b) friction factor with spacing of arc-shaped baftles.

Fig. 11 shows that the thermal enhancement factor (TEF) values are increased by increasing the S interval values. In all studied
cases, TEF values are greater than one. This means that all cases give a dynamic and thermal improvement to the solar channel
with arc-fins compared to the solar channel that does not contain fins. Among the most important situations in this area of
distances are S = Pi/2. This distance gives optimal performance. This separation shows an improvement of 2.530, 6.576, 6.615,
and 6.762 percent compared to those distances S = 3Pi/4, Pi, 5Pi/4, and 3Pi/2, respectively.
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Fig. 11. Variation of thermal enhancement factor with arc-baffle spacing

So, insert the arched fins inside the solar air channel at a sharp angle of 45° and a minimum separation distance of S = Pi/2 is
the perfect solution for thermal and dynamic best for this topic channel performance.

5. Conclusion

This study was numerical for turbulent airflow within a solar channel containing arched fins of different spacings. Various
key points are as follows:
- A complex, irregular, disturbed and heterogeneous structure of the channel internally.
- The airflow is composed of two different currents: the first is main, from left to right, while the second is in the opposite
direction in front and behind each fin and the representative in the recycling areas.
- Recycling areas are characterized by low speed and high temperature.
- The decrease in the distance between the arched fins increases the severity of the collision between the aerobic particles and
the hot areas by creating frictions and thus better heat exchange.
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- For better efficiency, we enter the arched fins inside the solar air channel with small spaces such as S = Pi/2. This distance
shows an increase in performance by 2.530, 6.576, 6.615, and 6.762 percent compared to those given by S = 3Pi/4, Pi, 5Pi/4,
and 3Pi/2, respectively.
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Nomenclature
Cf  Skin friction coefficient Patm Atmospheric pressure, Pa
Cie  Constant used in the standard K-& model Pr Molecular Prandtl number
Cy.  Constant used in the standard K-& model Pr; Turbulent Prandtl number
C.  Constant used in the standard K-& model Re Reynolds number based on the channel hydraulic diameter
Gx  Production of turbulent kinetic energy, m?/s? T Temperature, °C
H Channel height, m Tin Inlet temperature, °C
h Arc-baffle height, m Tw Wall temperature, °C
k Turbulent kinetic energy, m?/s? U Mean axial velocity of the section, m/s
L Length of rectangular channel in x-direction, m Uy, Inlet velocity, m/s
Lin  Distance upstream of the first arc-baffle, m u Fluid velocity in x-direction, m/s
Lo Distance downstream of the second arc-baffle, m u;, u;  Mean velocity component in X;-, Xj- direction, m/s
Nux Local Nusselt number u', u’; Fluctuation velocity component in xi-, X;- direction, m/s
AP Pressure drop, Pa v Fluid velocity in y-direction, m/s
P Pressure, Pa W Arc-baffle width, m
Pi Arc-bafftle distance or spacing, m X,y Cartesian coordinates, m
Greek Symbols

€  Specific dissipation rate, m*/s p  Molecular viscosity, Kg/m.s

k  Von Karman constant, (=0.4187) pe  Eddy viscosity, Kg/m.s

I'  Molecular thermal-diffusivity, Kg/m.s ox Turbulent Prandtl number for K-equation

I't  Turbulent thermal-diffusivity, Kg/m.s o. Turbulent Prandtl number for e-equation

8 Kronecker delta or Turbulent Prandtl number for energy equation

p  Fluid density, kg/m? 6  Half attack angle of baffle, degree (°)

At Fluid thermal conductivity, W/m.°C 1w Wall shear stress, Kg/s>.m

As  Solid thermal conductivity, W/m.°C ¢  Stands for the dependent variables u, v, K, e and T

Subscript

atm  Atmospheric s  Solid

f Fluid t  Turbulent
i,j  Refers coordinate direction vectors w  Wall

in  Inlet of the computational domain ~ x  Local

out  Outlet of the computational domain
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