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Abstract. Forced-convection heat transfer of pure air-fluid inside an open channel as a section of a shell-and-tube heat exchanger
is evaluated numerically. S-shaped obstacles are used in the mentioned channel. Airflow inside the channel is considered as a
turbulence flow. Governing equations are solved throughout the computational Finite Volume Method (FVM). These equations are
analyzed using the standard k-¢ model. The results are designed based on the geometry of S-shaped obstacles. Mentioned results
are shown in the form of turbulent kinetic energy (k), turbulent intensity (TI), turbulent viscosity (u:), temperature (T), Nusselt
numbers (Nux local, and Nu average), friction coefficients (Cf local, and f average), and the thermal aerodynamic performance
factor (TEF), for a Reynolds number (Re) of 12,000 to 32,000. This type of analysis is very useful in many industries and
engineering-related problems for getting a good idea about the physical model whenever the analytic solution is out of reach.

Keywords: Shell-and-tube heat exchanger, Thermal performance, Fluid mechanics, Turbulent flow, Numerical simulation.

1. Introduction

A disadvantage of smooth ducts, such as those found in solar collectors or shell-and-tube heat exchangers, is that they have
poor thermal performance. One of the old effective ways to improve the thermal enhancement factor of such channels is to insert
the fins into the heat transfer fluid stream. This technique has been prevalent today because of its importance by improving the
structure of the channel internally. Through this technique, fins can be added inside the channel in staggered [1], transverse [2],
continuous [3], discrete [4], solid [5], perforated [6], porous [7], vertical [8], inclined [9], with simple or complex geometric shapes,
defined as square [10], rectangle [11], triangle [12], drop [13], diamond [14], arc [15], segmental [16], helical [17], Delta [18], ladder-
type fold [19], trisection helical [20], oblique horseshoe [21], twisted [22], Z [23], and V [24]. Some other studies have investigated
the effect of fin size on thermal performance by changing their height [25] and thickness, and have also identified the best
possible location [23] of the fin inside the channel. Studies have shown that the presence of fins within the channel shows an
improvement in the thermal and dynamic behavior within the channel, by creating very large cells for recycling, especially on the
backs of these fins, resulting in good mixing of the fluid and greater contact with the hot surfaces and thus a successful thermal
transfer [26-30]. Interesting research works on the heat and mass transport in channels, ducts and tubes can be found in the
referenced manuscripts (Zhao et al. [31], Zhai et al. [32], Guervilly et al. [33], Yu et al. [34], Dutta and Kundu [35], Korichi and Oufer
[36], Herman and Kang [37], Read [38], Manca et al. [39], Ndlovu [40], Ooi et al. [41], Ortiz et al. [42], Singh and Dhiman [43], Singh
[44], and Saleh et al. [45]).

In order to improve the thermal performance of heat exchanger channels or those in the solar receptors, a new design should
be sought, that aims to give a new flow structure, by eliminating dead areas, and creating cells for recycling, in order to increase
the heat transfer with the hot surfaces. In the majority of previous studies, the authors used only channels with simple flat
obstacles. For this raison, this paper proposes a new design for the baffled channels, by inserting fins of a very complex
geometrical shape, such as the form 'S', and studying their effect on turbulence phenomena using a CFD technique
(computational fluid dynamics). Different fields of turbulent kinetic energy (k), turbulent intensity (TI), turbulent viscosity (u:), and
temperature (T), as well as various normalized heat transfer rate curves and friction and performance profiles have been
identified with the suggestion of new ideas to be embodied in the future.
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Fig. 1. Geometrical model with: H = 0.146m, L = 0.554m, w = 0.01m, h = 0.08m, s = 0.12m, b = 0.31m, ¢ = 0.234m, d = 0.104m and Dh = 0.167m.

2. Computational Domain

The problem under study contains a numerical analysis of a specific shell-and-tube exchanger channel, 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 thermal aerodynamic performance enhancement can be achieved by creating longitudinal
vortices in the field of the flow. These vortex cells can be generated by 'S'-shaped fins, and a numerical study of such heat
exchanger channels is not a simple task. Therefore, we used a present-day Commercial CFD technique to solve the problem.

Forced convection of a pure fluid (air) in a heat exchanger under turbulent flow condition is evaluated. For this purpose, a
channel (or duct) from the heat exchanger is considered. Three modern and intricately shaped baffles (of S-form), intertwined
within the channel are present to create turbulence and generate recycling cells for better heat exchange, see Fig. 1. The
mathematical equations governing the flow and energy can be written in the common form as

0 dp 0 dp

0 0
—(pup) +—(pvp)=—II' ——|+—| —=|+S,
8x(p 2 8y(p 2 ox| “ox| oy| T oy ’ @
where
¢=(u, v,k eandT),
u: x-velocity,
v: y-velocity,
k: turbulent kinetic energy,
e: turbulent dissipation rate,
y: turbulent diffusion coefficient, and
S¢: source term.
Equations for ¢, i, and Sy:
Fluid mass conservation:
p=1 2
r,=0 G)
5, =0 4
X-direction fluid momentum conservation:
p=v (5)
F; = [, (6)
oP 0 ou 0 v
S, = —+—|tte| || + == | tte | == 7
¢ 9y 0x He ay)| oy e 8y] @)
Y-direction fluid momentum conservation:
p=v ®)
T, =g, )
oP 0 ou 0 v
S, =+ ——|tte| ||+ == |1t | = 10
¢ 9y 0x e ay)| oy e 8y] (10)
Fluid energy conservation:
o=T (11)
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14
r,=+t= 12
P (12)
S, =0 (13)
Kinetic energy of turbulence:
o=k (14)
Po=m+ I (15)
O
S, =—pe +G, (16)
Rate of dissipation of turbulence:
p=e (17)
I
L=+ :f (18)
&
S, = E(leck —Cy.p¢) (19)
where
Hegr =t + 1t (20)
kz
b= £,00, % @)
6, o[ 2] (22 |2 20 @)
L |V ay ay ox
and
Cie = C3c = 1.44, C2e= 1.92, C,, = 0.09, o = 1.0, 0e = 1.3, and or = 0.85 (23)

representing the constant values of the standard k-e model, reported by Launder and Spalding [46]. The current boundary
conditions are presented as:

For the channel inlet section, at x = 0:

u="U, (24)
v=0 25

(25)

T =T, =300K (26)
k., = 0.005U2, (27)
Ep = O.1ki2“ (28)

For the entire channel walls, upper wall at y = H/2 and lower wall at y = -H/2:

u=v=0 (29)
k=e=0 (30)
T=T, =375K (31)
For the fluid/solid interface:
=T (32)
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For the channel exit section, at X = L:

P=P,, (34)
Z—’i -0 (35)
Dimensionless parameters:
Reynolds number (Re):
Re = pUD, /1 (36)
Hydraulic diameter (Dr):
D, =2HW/(H+ W) (37)
Skin friction coefficient (Cf):
c = jﬁ (38)
Friction factor (f):
fo 2(AP£I;)Dh (39)
pU
Local Nusselt number (Nux):
Nu, — h(x).D, (40)
As
The average Nusselt number (Nu):
Nu = %fNuxax (41)
The thermal enhancement factor (TEF):
TEF = (Nw/Nu,)/(f/ )" (42)
Dittus and Boelter correlation [47]:
Nu, = 0.023Re®® Pr°* (43)
Petukhov correlation [48]:
fo, =(0.79InRe—1.64)" (44)

where

tw: wall shear stress,

U: average axial velocity,

AP: pressure drop,

Nuo: average Nusselt number for smooth channel,
fo: friction factor for smooth channel, and

hx: local convective heat transfer coefficient.

3. Numerical Resolution

The mathematical equations, governing the flow and energy, are solved numerically by using:

- Finite Volume Method (FVM) of Patankar [49],

- SIMPLE discretization algorithm of Patankar [49],

- QUICK numerical scheme of Leonard and Mokhtari [50], and
- ANSYS FLUENT software [51].

In addition, a tetrahedral type mesh was used along the studied channel, as shown in Fig. 2. The curves in Fig. 3 are a
comparison of pressure coefficient (P) and axial velocity (u) values obtained in the present simulation with that of the numerical
and experimental values provided by Demartini et al. [11]. This comparison was made by relying on the same flow and geometry
conditions reported by the referenced paper [11], which gave the same behavior both quantitatively and qualitatively, and this
indicates the validity of the simulation used in this research work. Also, there is a preview of the heat exchange values in terms of
average Nusselt number (Nuo) as well as the pressure drop in terms of friction faction (fo) in the case of the smooth channel by
relying on some experimental correlations [47,48] as shown in Fig. 4. The effect of changing the turbulence model is also shown in
the following figure by comparing four known models, which are as follows: standard k-e, RNG k-¢, standard k-w, and SST k-w
turbulence models. This comparison demonstrated the importance of the standard k-¢ first turbulence model, which gives good
values, in comparison with the other models, basing on the experimental data presented by Demartini et al. [11], see Fig. 5. Finally,
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the density of the mesh nodes has been validated, by proposing a group of (Nx x Ny) pairs, i.e., (95 x 35), (120 x 45), (145 x 55), (170 x
65), (195 x 75), (220 x 85), (245 x 95), and (370 x 145), and comparing their effects on the numerical solution to the u/Un value,
highlighting the (245 x 95) pair as a better density for an optimal solution, see Fig. 6.

Fig. 2. Used mesh.
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Fig. 3. Validation of the present profiles of pressure coefficient and axial velocity with the referenced data [11], under the following condition:
channel with staggered two baffle plates [11], air fluid, and Un= 7.8 m/s
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Fig. 4. Verification of the average values of Nusselt number and friction factor for the present smooth channel with the referenced correlations

4. Results and Discussion

[89,90], Re = 12,000 - 32,000.

In this simulation, the thermal optimization of thermal exchange channels is the object of the study, through a thermal
analysis, of turbulent air inside a rectangular channel with modern and complex geometry baffles of S-type. Different flow fields
and T profiles, as well as various normalized heat transfer and friction coefficient profiles, and performance curves have been
identified with the suggestion of new ideas to be embodied in the future. Fig. 7 shows the k fields for different Re values, varying
from 12,000 to 32,000. The k values are very high for large values of Re. This increase appears in the case of Re = 32,000, above the
last S-fin, near the top surface of the channel. The TI fields are also shown in the same Figure. The values of TI are located on a
wide area from the channel, compared to k fields, and for large values of Re. These large values are located at the top region of the
channel, near its exit. Moreover, there is a correlation between the values of TI and Re.
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Fig. 7. Fields of k and TI for various Re values. Note: TI values x 100.

The effect of Re values on the u: fields is shown in Fig. 8. The u: values gradually improve with the improvement of Re values.
As previously mentioned in Fig. 7 of the k and TI fields, the maximum u: values are also present in the same region, centered near
the top surface of the channel, above the top edge of the third S-fin, in the last section of the channel. The thermal factor is also
taken up in this figure, by representing the temperature fields, along the channel, and for the range of the Re previously adopted.
The T is high in the vicinity of the S-fins, especially on their rear sides, where the recycling cells are located. The T decreases
with increasing Re. Whereas, T gradients are optimized for large values of Re. The T gradients are high above the S-fins where the
three gaps are located across the channel. While these gradients of T drop behind the S-fins and on their front sides.

Fig. 9 represents the fluid temperature profiles at the channel entrance in axial positions x = 0.105 m and x = 0.135 m,
adjacent to the left side of the first S-baffle, mounted on the bottom wall of the channel. 0.205 m and 0.175 m from the front side
of the second S-baffle, 0.335 m and 0.305 m from the front side of the third S-baffle, while 0.449 m and 0.419 m from the channel
outlet, respectively. The velocity of the fluid decreases as it approaches the first S-baffle at the bottom of the channel,
accompanied by a rise in temperature in each of the studied positions. While the temperature in the upper part of the channel is
recorded due to the increase in velocity due to the decrease in the flow area above this same S-baffle, leading to increased
pressure. The fluid temperature is increased by the fin's proximity where the recycling cells are located next to the lower front
section of the mounted baffle at very low speeds and therefore a decrease in the temperature gradient.
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Fig. 9. Profiles of T upstream of the first S-baffle at x = 0.105 m (or x/H =
0.719) and x = 0.135 m (or x/H = 0.924), for Re = 12,000.

Fig. 10. Profiles of fluid temperature above the first S-baffle at
x =0.185m (or x/H = 1.267) for Re = 12,000.

Fig. 10 represents changes in fluid temperature curves from the upper edge of the bottom first S-baffle to the bottom surface
of the upper channel wall at the cross-site x = 0.185 m. 0.125 m and 0.255 m from the left sides of the second and third S-baffles
respectively, while 0.369 m cm from the channel outlet. As shown by the figure, the temperature is very high near the top and
bottom surfaces of the S-baffle and the top wall of the channel due to the low speed values in these areas due to the decrease in
pressure and flow speed, while the temperature values are very low in the area confined between the two surfaces, by narrowing
the flow area due to the presence of this S-fin.

The distribution of the temperature profiles of the fluid in the back of the first bottom S-baffle at the cross-section at x = 0.25
m is shown in Fig. 11. 0.06 m after the first S-baffle, or 0.06 m before the second S-baffle, while 0.304 m from the outlet of the
channel. Temperature values are very important near the right side of the first S-baffle as a result of the decrease in flow velocity
due to low pressure and form recycling cells, allowing the air current to repeat contact with hot surfaces in this area. The fluid
temperature is paramount in the vicinity of the upper right half of the first S-baffle, while the temperature drops downstream
over this same S-baffle. The temperature also rises near the upper surface of the S-baffle as well as in contact with the upper
surface of the channel.
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Downstream of the first baffle at x = 0.25 m

Between the first and the second baffle at x = 0.235 m
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Fig. 13. Profiles of fluid temperature before the second
S-baffles at x = 0.265 m (or x/H = 1.815), for Re = 12,000.

Fig. 14. Profiles of fluid temperature under the second S-baffles at x =
0.315 m (or x/H = 2.157), for Re = 12,000.

The distribution of temperature profiles between the lower and upper two S-baffles is shown in Fig. 12, at x = 0.235 m from the
entrance of the channel or 0.319 m from its outlet. As expected, the temperature is very high near the hot walls, especially at the
bottom of the channel, next to the base of the first S-baffle, and near the recycling cells, also near the right side of the same fin in
contact with the hot upper channel wall, while the main current is accompanied by high speeds and very low temperatures.

On the front of the second S-baffle, at the cross-site x = 0.265 m from the entrance of the channel or 0.289 m from its outlet,
0.071 m after the first S-baffle or 0.045 m before the upper S-baffle, the temperature values are very important in the region
between the top surface of the channel and the upper left side of the second S-baffle due to the presence of a small area of the
recycling cells due to the decrease in the pressure in this aspect of the channel while the temperature in the high velocity areas
decreases in the main path of the current and then rises near the right side of the first S-baffle due to the extension of the
recycling cells to the second S-baffle, see Fig. 13.

The temperature profiles below the upper S-fin are shown in Fig. 14. In the axial site x = 0.315 m, extending from the bottom
edge of the second S-fin to the upper surface of the bottom wall of the channel, the temperature decreases in a circular manner,
especially in the central region of this area, due to the significant increase in air velocity due to the decrease in the flow area, as
well as the efficiency of recycling cells in the back areas of the first S-fin, while air particle temperatures rise near hot surfaces as
shown in Fig. 10 but with flat temperature profiles.

In the back of the second S-fin on the site x = 0.365 m, where resides the largest area for recycling as a result of the large
decrease in pressure, temperature rises. This augmentation increases near the lower right hot area for this same S-fin, then the
values of the temperature goes down at the bottom of the channel where the mainstream of air exists, see Fig. 15. In the central
region between the second and third S-fins, at the location x = 0.38 m of the channel entrance, 0.06 m before the second lower S-
fin, and 0.174 m from the channel outlet, the temperature is high in the upper side of the channel due to continuous circulation of
the air current in the recycling cells and thus more absorption of thermal energy. This increase in temperature is indicative of the
length of the recycling cells behind the second S-fin next to the upper area of the third S-fin, while the temperature in the middle
of the site decreases where the main current is, because of the increase in speed due to the rise in pressure due to the presence of
fins. We also record a temperature rise near the lower left side of the third S-fin, see Fig. 16.

Change in the temperature of the air particles near the left side of the third S-fin is shown in Fig. 17 at x = 0.395 m position.
The temperature values are reduced by increasing the flow velocity in the vicinity of the upper area of the third S-fin as shown in
Fig. 18 at x = 0.445 m, while the temperature rises as the current approaches the left side of this same S-fin, where the velocity
decreases as a result of the pressure drop and formation of small recirculation cells in the lower area of the considered S-baffle.
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Downstream of the second baffle at x = 0.365 m

Between the second and the third baffles at x = 0.38 m
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Fig. 15. Profiles of fluid temperature after the second S-baffles at x =

0.365 m (or x/H = 2.5), for Re = 12,000.

Upstream of the third baffle at x = 0.395 m

Fig. 16. Profiles of fluid temperature between the second and the third

S-baffles at x = 0.38 m (or x/H = 2.602), for Re = 12,000.
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After the third baffle at x = 0.495 m

Fig. 19. Profiles of fluid temperature downstream of the third
S-baffle at x = 0.495 m (or x/H = 3.39), for Re = 12,000.

x = 0.445 m (or x/H = 3.047), for Re = 12,000.
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Fig. 20. Profiles of fluid temperature at the channel exit, x =L

(or x/H = 3.794) for Re = 12,000.

Behind the third S-fin, exactly at the cross-site x = 0.495 m of the channel entrance and as shown in Fig. 19, the temperature is
inversely proportional to the flow velocity, where it rises when the speed decreases, especially in the recycling areas in the
bottom of the channel on the right side of the S-fin, as expected. While the temperature in the upper part of the channel
decreases as a result of the high speed rise.
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Near the outlet of the channel, at x = 0.554 m from its entrance, temperatures drop in the lower part of the channel as

recycling cells do not extend to the outlet of the channel. On the upper side, temperature is important due to the presence,
effectiveness and extension of the recycling cells after the second S-fin to the third S-fin as shown in Fig. 20.
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The heat exchange curves in terms of normalized local Nusselt number (Nux/Nuo) profiles are represented in Fig. 21a, along the
top surface of the bottom wall of the channel. The Nusselt number values are decreased next to the two lower S-fins, because the
air field is directed towards the upper part of the channel. Thus decreasing the contact between the hot surface and the heat
transfer fluid, resulting in a weak heat exchange. While heat transfer rate values in the opposite side of the top S-fin increase due
to the augmentation in pressure and velocity, and from the large friction in this aspect of the channel, and thus the exchange of
heat is important.

Heat exchange values are important in areas with significant thermal gradients, particularly in regions corresponding to lower
S-fins with high speeds due to high current pressure due to a decrease in the flow area. While heat exchange decreases next to
the upper S-fin due to the stagnation of the air field in this area, see Fig. 21b.

Fig. 22a shows changes in the Cf/fo of the upper surface of the bottom wall of the channel as the air current passes from the
input to its outlet. The Cf/fo value decreases when approaching the lower first S-fin, due to the extreme deviation of the current
due to the same baffle towards the upper wall of the channel; there is a decrease in contact between the fluid and the bottom
wall of the channel; decrease in the skin friction coefficient in this region. The Cf/fo value enhances behind this same first S-fin
due to the presence of recirculation cells in this back region. Also, the Cf/fo value is very high along the bottom wall line, between
the first and the third S-fins, a result of the flow deviation from the upper to the bottom, due to the presence of the second S-fin,
thus an important skin friction. Then the Cf/fo value decreases on the left and right sides of the third S-fin, due to the fluid flows
toward the top region of the channel.

The Cf/fo value rises in three major regions, Fig. 22b. The first, against the first S-fin, is the result of large velocity in this region
due to the deviation of the flow towards the upper part of the channel from this same S-fin. Second, behind the second S-fin, due
to the presence of recycling cells in this area of the channel. Third, near the right side of the third S-fin, due to the direction of the
air current towards the upper surface of the channel, at very high speeds, while the Cf/fo decreases, on the points of separation,
next to the second S-fin, and between the main current above the third S-fin and the reverse field behind the second S-fin.

The Nu/Nuochanges are shown in Fig. 23 for the upper and lower hot walls. The Nu/Nuo values improve with improving Re
values, from 12,000 to 32,000. All Nu/Nuovalues are greater than one, ranging from 1.518 to 2.666 on the bottom hot wall while
from 2.218 to 4.180 on the top hot wall, for the range of Re used. This indicates the effectiveness of the S-type fins inside the
smooth channel in order to raise its thermal transfer through its hot walls.

Mean friction values (f/fo) are also presented in this study through the curves of Fig. 24. The f/fovalues are increasing in the
range of Re given. Analyzing Figs. 23 and 24, indicates that the upper hot wall has produced very high values in terms of Nu/Nuo
and f/focompared to those from the lower hot wall, due to the presence of two upper gaps with very high temperature gradient
and speed values. While, we find, next to the second hot wall, only one gap as a result of the upper S-fin.

The thermo-hydrodynamic performance (TEF) curves due to the presence of S-fins are shown in Fig. 25. The performance
values are approximately 1.265 and 1.297 on the lower and upper hot walls of the channel, respectively, in the case of the
minimum value of Re. As the Re changes, from 12,000 to 32,000, performance values improve to about 1.353 and 1.421 for the lower
and upper hot walls, respectively. All TEF values are greater than the unit, indicating the advantage of using the S-shaped fins to
increase the thermal and dynamic performance across the smooth channels, as an enhanced passive method.

5. Conclusion

The main results of the present numerical simulation showed that:

= The temperature gradient raised in three major regions. First, against first S-fin. It is the result of large friction in this
region due to deviation of flow towards the upper part of channel from the same S-fin. Second, behind the second S-fin,
due to the presence of recycling cells in this area of the channel. Third, near the right side of the third S-fin, due to the
direction of the air current towards the upper surface of the channel, at very high speeds.

» The thermal gradient decreased, at the points of the flow separation, next to the second S-fin, and between the main
current above the third S-fin and the reverse field behind the second S-fin.

. The heat transfer rate values were decreased next to the two lower S-fins, because the airfield is directed towards the
upper part of the channel, thus decreasing the contact between the hot surface and the heat transfer fluid, resulting in a
weak heat exchange.

» The heat transfer rate values on the opposite side of the top S-fin increased due to the augmentation in pressure and
velocity, and from the large friction in this aspect of the channel, and thus the exchange of heat is important.
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»  Heat transfer values are important in areas with significant thermal gradients, particularly in regions corresponding to
lower S-fins with high speeds due to high current pressure due to a decrease in the flow area. While heat transfer
decreases next to the upper S-fin due to the stagnation of the airfield in this area.

= The Nu/Nuo values improved with improving Re values, from 12,000 to 32,000. All Nu/Nuo values are higher than one,
ranging from 1.518 to 2.666 on the hot bottom wall, while from 2.218 to 4.180 on the top hot wall, for the range of Re used.
This indicates the effectiveness of the S-type fins inside the smooth channel in order to raise its thermal transfer
through its hot walls.

* The f/fovalues are increasing in the range of Re given. The analysis of the heat transfer and friction loss also indicated
that the hot upper wall has produced very high values in terms of Nu/Nuoand f/focompared to those from the lower hot
wall, due to the presence of two upper gaps with very high-temperature gradient and speed values.

= All TEF values are higher than the unit, indicating the advantage of using the S-shaped fins to increase the thermal and
dynamic performance across the smooth channels, as an enhanced passive method.
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Nomenclature
Inlet-upper wall-mounted S-fin distance [m] S Source term
c Exit-upper wall-mounted S-fin distance [m] T Temperature [K]
Cf Skin friction coefficient Tin Inlet fluid temperature [K]
Cie Constant used in the standard k-e model Tw Channel wall temperature [K]
Cae Constant used in the standard k-e model S Source term.
Cse Constant used in the standard k-e model TI Turbulent intensity [%]
Cu Constant used in the standard k-e model u X-velocity of fluid [m/s]
d Exit-second lower wall-mounted S-fin distance [m] Uin Inlet fluid velocity [m/s]
Dn Aeraulic diameter of rectangular channel [m] v Y-velocity of fluid [m/s]
f Friction factor for the channel with S-fins \% Mean velocity of fluid [m/s]
fo Friction factor for the smooth channel with no fin w S-fin thickness [m]
h S-fin height [m] w Channel width
H Channel height [m] AP Pressure drop [Pa]
k Turbulent kinetic energy [m?%s?| p Fluid density [kg/m?)
L Channel length [m] € Turbulent dissipation rate [m%s?
P Pressure [Pa] r Turbulent diffusion coefficient
Patm Atmospheric pressure [Pa] Ue Effective viscosity [kg/m-s]
Pr Prandtl number 2 Laminar viscosity [kg/m-s]
Re Reynolds number Mt Turbulent viscosity [kg/m-s]
s Fin separation distance [m] Tw Wall shear stress [Pa]
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