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Abstract. The employment of heat exchangers with complex channels has increasing importance in several engineering
problems as commercial refrigeration and cooling of electronic packages. One important subject in this kind of device is the
design of corrugated channels. Therefore, the present work aims at the geometric optimization of trapezoidal blocks mounted in
channels subjected to steady, incompressible, laminar, two-dimensional forced convective flows. The computational domain
studied here mimics the corrugated channels commonly found in micro-channel heat exchangers. For the geometrical
investigation, it is employed the Constructal Design Method. The numerical simulations were performed for two Reynolds
numbers (Ren) equal to 60 and 160 and constant Prandtl number (Pr = 6.99). Results demonstrated that the length/height ratios of
both studied blocks (given by Li/H: and Lo/H: ratios) have the highest sensibility over the thermal performance, showing the
importance of the channel's blocks intrusion. It was also shown that the combined analysis of the ratios Li/H: and Lo/H2> was much
more efficient for the improvement of the heat transfer rate in the corrugated channels. The thermal performance increased by
nearly 65% when the best and worst configurations were compared.

Keywords: Internal Flows, Trapezoidal Obstacles, Forced Convection, Numerical Study, Constructal Design.

1. Introduction

Several studies have been carried out to improve equipment performance, rationalizing energy resources, and operating costs.
In this sense, the study of fluid mechanics and heat transfer by convection heat transfer in channels is a topic of interest because
that it is an idealized representation of several engineering problems [1 - 3]. There are several types of heat exchangers, each used
according to a specific application. Among the options, shell and tube heat exchangers use baffles (geometrically compared to
fins) to direct the fluid over the tube bundles to increase the thermal exchange. Another one is the plate exchangers that use
metal plates to transfer heat between two fluid streams. With advances in the manufacture, printed circuit heat exchangers with
complex channels have been proposed. The fluid streams are exposed to a large surface area because the fluid is spread out over
the plates, leading to augmentation of thermal exchange [4 - 5]. Therefore, the heat exchangers' design is an important subject,
and several recommendations about its influence on the fluid dynamic and thermal performances have been studied in the
literature [6 - 7].

The advance of computational technologies in recent years has made numerical simulation an important tool to generate
results of great contribution to the engineering field, mainly in fluid mechanics and heat transfer problems [8, 9]. The numerical
simulation costs make this technique very attractive compared to the cost of high-quality experimental equipment and
installations, particularly for geometrical optimization, where several different configurations need to be investigated [9].
Computational techniques to complement experimental results have also proved a viable alternative to obtain reliable
recommendations about design in thermal devices [10].

Concerning specifically the investigation of corrugated or finned channels and design in channels subjected to convection
heat transfer, several interesting studies have been done along the time. For example, Nishimura et al. [11] studied convective
flows in symmetric wavy-walled channels. Latter, Vasudeviah, and Balamurugan [12] studied forced convective stokes flows in a
wavy channel. Afterward, Kim et al. [13] investigated the influence of different cross-sectional shapes of a printed circuit heat
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exchanger (PCHE) over its thermal performance and pressure drop. Results indicated that semi-circular channels conducted to
the best performance in the multi-objective analysis. Recently, Jing et al. [14] studied the hydraulic and thermal performances of
laminar flow in fractal treelike branching microchannel network with wall velocity slip. Liu et al. [15] studied fluid flow and heat
transfer in a microchannel heatsink using the fractal technique to define the microchannel configuration inserted in a solid with
internal heat flux and considering a multiphase flow of water and kerosene. The main purpose was to achieve uniform
temperature distribution in the studied domain. Among the studies concerned with geometrical optimization in blocks mounted
in channel flows, Durgam et al. [16] studied the distribution of an array of heat sources under mixed convection. Authors obtained
specific distances as the recommendation to improve the thermal performance.

Significant works were also done in the use of obstacles to improve the turbulent flows in pipes and channels. For instance,
Sheikholeslami et al. [17] investigated a solar collector with a turbulent flow in four-lobed pipes and considered swirl generators
to improve the cooling rate and available energy. Components of irreversibility were investigated as a function of pump rotation,
Reynolds number, and the pipes' diameter. The authors noticed that the thermal irreversibility decreased with the augmentation
of the studied parameters due to the temperature gradient's reduction, being the Reynolds number the parameter that causes the
highest impact. Sheikholeslami and Farshad [18] performed a study inserting helical tape within a solar system pipe for turbulent
nanofluid flow. The idea was to decrease the boundary layer thin due to secondary flow in the device. Authors noticed that the
parameters as Reynolds number, number of revolution, and number of tapes considerably affected the temperature gradient and
led to substantial augmentation of second law performance. Sheikholeslami et al. [19] investigated the effect of multi helical
tapes (MHT) on turbulent pipe flow for nanofluid transportation. The authors noticed that the use of multiple tapes makes the
flow more disturbed, leading to increased flow resistance. The authors also noticed a significant increase in Nusselt number with
increased inlet velocity in the domain. In other words, results have demonstrated the importance of obstacles in the performance
of pipe or channel flows. It is also worth mentioning some exciting studies related to a different design in cavities. Sheremet et al.
[20] studied an inclined cavity with a superior wavy surface filled with a nanofluid of cupper and water subjected to free
convection and considering magnetohydrodynamics (MHD). It was investigated parameters like the magnetic field's inclination
angle, undulation number of cavity surface, and inclination angle of the cavity over the average Nusselt numbers in the cavity.
Afterward, Sheikholeslami and Oztop [21] investigated an MHD convective flow in Fe304-water nanofluid, considering a cylinder-
shaped cavity with a superior wavy surface. Authors noticed that Lorentz forces caused influence on thermal plume in the
domain, and the adding nanoparticle showed more effective for high Hartmann numbers. More recently, Afrand et al. [22]
proposed a combined free convection flow and thermal radiation heat transfer in a triangular cavity. The authors observed a
considerable increase in heat transfer rate and entropy production with the Rayleigh number's augmentation, while the
Hartmann number led to the opposite effect. Despite several important studies performed in the literature, few have investigated
the study of the design of corrugated channels using Constructal Design [23 - 25].

Constructal Design is a method based on a universal physical principle of maximization of access. The principle is the
Constructal Law of Design and Evolution, which postulates that for any finite flow system to persist in time (to survive), its design
must evolve in such a way to facilitate the internal streams that flow through the thermodynamic system [26 — 28]. Constructal
Design has been well succeeded to predict the patterns of design in nature [25, 27] and as a powerful tool for investigation of
design in a wide class of engineering problems as cavities and fins [29, 30], external and internal convective flows [31, 32],
renewable sources [33 - 36], resin infusion manufacturing processes [37] and “flow of stresses” in solid mechanics [38, 39]. Into the
realm of convective flows in channels with obstacles, Constructal Design was employed in the work of Adewumi et al. [40], where
the effect of fins mounted in a vertical wall of a channel under natural convection is considered. Afterward, Feijé et al. [9]
investigated using a numerical technique to insert two alternated rectangular blocks mounted in alternate surfaces of the
channel seeking to minimize the pressure drop and maximize the heat transfer rate between the heated blocks and the cooling
flow. It was investigated the height/length ratios of the rectangular fins and their fraction areas over the fluid dynamic and
thermal performance for constant Reynolds and Prandtl numbers (Res = 100 and Pr = 0.71). Recently, Teixeira et al. [41]
investigated a similar case studied in Feijé et al. [9] but considering mixed convective flows for three different Reynolds and
Grashof numbers. Moreover, the distance between the rectangular blocks was also investigated.

A numerical study about the geometrical investigation of parallel plate channel with trapezoidal obstacles, which mimics a
corrugated channel flow, is conducted in the present work. The geometrical investigation is performed with the Constructal
Design method [23 - 26]. The domain is similar to that previously found in Refs. [9, 41]. However, it is considered three trapezoidal
obstacles in the present work, leading to a domain similar to that seen in corrugated channels that mimics plate heat exchangers.
It is worth mentioning that the configuration investigated in the present work was not previously studied in the literature with
the Constructal Design method, being the analysis of the influence of three degrees of freedom over the thermal performance a
novelty of the present work. Therefore, this study has an important contribution to the achievement of theoretical
recommendations for improving the thermal performance of heat exchangers. For all cases, water flow is considered as the
working fluid, with a constant Prandtl number (Pr = 6.99) and two different Reynolds numbers (Rex = 60 and 160). For the
prediction of fluid dynamic and thermal behavior in laminar, incompressible, and forced convective flows, the conservation
equations of mass, momentum, and energy are solved with a Finite Volume Method (FVM) commercial code [42 - 44].

2. Mathematical Modeling

The analyzed problem consists of a two-dimensional flow corrugated channel, as illustrated in Fig. 1. Figure 1(a) presents a
global view of a heat exchanger subjected to multiple corrugated channels, which gave origin to the domain simulated here, and
Fig. 1(b) shows the idealized computational domain of one corrugated channel studied in the present work.

The forced convective flow is incompressible, laminar, and steady-state, caused by the imposition of a prescribed velocity at
the channel inlet (left surface of the domain). The velocity imposed by the fluid at the entrance of the channel is constant: u.= 1.2
x 10®° m/s when Rex = 60 and u. = 3.2 x 10° m/s when Ren = 160. The prescribed inlet temperature is T. = 300 K, and the surface
temperature is defined as Tw = 400 K, causing the heat transfer between the surfaces and the fresh flow. It is worth mentioning
that the thermophysical properties are considered constant and given by: density p = 998.2 kg/m?, specific heat C, = 4182 J/(kg:K),
thermal conductivity k = 0.6 W/(m-K) and the dynamic viscosity p = 1.003 x 102 kg/(m-s). Consequently, it is considered that the
fluid dynamic and thermal fields are not affected by the variation of temperature, being the difference of temperature only
relevant for estimation of heat transfer rate. The channel surfaces are subjected to the non-slip and impermeability boundary
conditions, i.e., u = v = 0 m/s. At the exit, it is imposed a a null heat flux in the stream direction at the exit of the channel for the
thermal field, and null pressure gauge for the fluid dynamic problem. These boundary conditions are the most appropriate for
convergence of the numerical problem and avoid some influence of boundary condition in the fluid dynamic and thermal fields
in the trapezoidal blocks region. For all simulations, the Prandtl number is considered constant (Pr = 6.99).
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Fig. 1. lllustration of the device studied in the present problem: (a) heat exchanger composed of multiple complex channels for cooling a solid
domain subjected to heat flux, (b) computational domain of the idealized corrugated channel subjected to laminar forced convection flow of the
present study.

For the solution of incompressible, steady, forced convective flows in the two-dimensional domain, it is numerically solved the
conservation equations of mass, momentum (in x- and y-directions), and energy, which are given, respectively, by [1]:
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where u and v are the velocities in x- and y- directions (m/s); p is the fluid density (kg/m3); P is the pressure (N/m?); v is the
kinematic viscosity of the fluid (m/s); « is the thermal diffusivity of the fluid (m¥s), and T is the temperature (K).

For the geometrical investigation of the corrugated channel, it is employed the Constructal Design method. For the application
of this method, it is considered three constraints, the total areas of the channel and the trapezoidal obstacles 1 and 2, which are
given by:

A=HL ®)
A = [L%Bl]H1 (6)
A, = [%]Hz ?)

where H and L are the height and length of the channel (m), B: and L: are the short and long basis of the upstream trapezium (m),
H; is the height of the upstream trapezium (m), B2 and L are the short and long basis of the downstream trapezium (m), and Hz is
the height of the downstream trapezium (m).
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The trapezoidal areas can be represented in a dimensionless form by the following expressions:

A
— 8
$1 A ( )
_A
Pr = A ©)

To avoid any superposition between the obstacles, it is also considered here that the height of the trapezoidal obstacles
should be lower or equal to half of the channel height, i.e., H: < H/2 and H. < H/2. Additionally, the obstacles' lengths were also
limited to L: < L3 and L2 < L3 to avoid interaction between the obstacles, being L3 the spacing between two consecutive trapezoidal
obstacles, see Fig. 1(b).

Five degrees of freedom are considered for the geometrical investigation: Li/H1, Bi/H1, Lo/Ha, Bo/Hz and Ls/L. The last two degrees
of freedom are considered constant in the present work, i.e., Bo/H2 = 0.8 and Ls/L = 0.2. For all cases, it is considered fraction areas
of @1 = ¢2=0.04.

The main purpose here is to maximize the heat transfer rate per unit of depth (since the domain is two-dimensional) between
the channel and the fresh flow, which is calculated by:

!

Q== Hp(Tw -T.) (10)

a
w

where W is the depth of the channel in the normal plane of Fig. 1 (m), h is the convection heat transfer coefficient (W/m?2K), p is
the perimeter of upper and lower corrugated plates of the channel (m).

For the geometric investigation with Constructal Design and exhaustive search, three different steps are done, as illustrated in
the flowchart of Fig. 2. The first step consists of the variation of the ratio Li/Hi, keeping constant all the other. The highest
magnitude of the heat transfer rate is the once maximized q’ (q9'»), and the optimum geometry obtained is named the ratio
(L1/H1)o. For the second step of the investigation, the variation of the ratio Li/H: is performed again for several different
magnitudes of the ratio Bi/Hi. The maximum rate obtained in this step is twice maximized (q’mm), and the respective optimal
geometries are (Bi/Hi)o and (Li/Hi)oo. In the third step, the same process performed in steps 1 and 2 is repeated for different
magnitudes of the ratio Lo/H», keeping constant the ratio Bo/H, and the fraction areas (¢1 = ¢2 = 0.04). The maximum rate obtained
in this step is three times maximized (q’mmm), and the respective optimal geometries are (Lo/Hz)o, (B1/H1)oo, and (Li/H1)ooo. The arrow
presented in Fig. 2 illustrates the level of optimization of each degree of freedom, i.e., the ratio Lo/H> is once optimized, Bi/Hi is
twice optimized, and Li/H: is three times optimized, being represented from the left to the right of the flowchart. This
investigation is performed for two different Reynolds numbers (Res = 60 and 160), generating 96 simulations. A detailed step by
step of the application of Constructal Design in this kind of problem can be seen in the recent works of Refs. [30, 37].

3. Numerical Modeling

The numerical solution of the Egs. (1) - (4) is obtained through the use of a commercial software of computational fluid
dynamics (CFD) ANSYS FLUENT 14.0, which is based on the Finite Volumes Method (FVM) [42 - 44]. The solver is pressure-based,
and the velocity-pressure coupling is performed with the semi-implicit method for pressure-linked equation consistent
(SIMPLEC) algorithm. For the solution of the advective terms of conservation equations of momentum and energy, it is employed
the second-order upwind interpolation function. Moreover, the calculations are considered converged when the residuals for the
mass, momentum, and energy between two consecutive iterations are less than 10°.

LJH, B/H, L/H,

(L/H,),

q:l'll'l'll'l'l (B 1 /HE)UU
(L/H,)

000

B,/H,

Fig. 2. Flowchart of the geometric investigation performed with Constructal Design for corrugated channel.
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Table 1. Grid independence study for a flow over bluff body with Rep = 100 and Pr = 0.71.

Number of Volumes Nusselt number RD
36,175 4.3877 ---
52,380 42782 2.50 x 10?2
105,910 4.1882 2.10 x 102
143,900 4.1385 1.19 x 102
171,848 4.1058 7.90 x 103
207,600 4.0848 5.11 x 103
324,375 4.0661 458 x 10°®

In order to select the mesh for the next analysis, a mesh independence analysis is made. It is worth mentioning that the grid
independence study and code verification are applied for the domain studied in Sahu et al. [45], illustrated in Fig. 3. In this study,
it is imposed a constant velocity and temperature at the inlet (V. and T.), and the convection heat transfer is caused by the
difference of temperature between the inlet and the rectangular obstacle, which has a higher magnitude of temperature (Tw) and
no-slip and impermeability boundary condition. The inferior and superior surfaces are considered symmetric and the exit has a
null gauge pressure and null heat flux in the stream direction. In the verification case, the non-dimensional distance between the
inlet plane and the front surface of the obstacles’ arrangement is Lw/D = 8.5, while the and distance between the rear surface of
the cylinder and the exit plane is La/D = 16.5. The same grid recommendations obtained here are employed in the case studied in
the present work.

The parameter selected for mesh independence is the spatial averaged Nusselt number, an important dimensionless
parameter used to predict the convective heat transfer coefficient. The grid independence is achieved when the relative deviation
between the spatial-averaged Nusselt numbers obtained with two successive grids is less than 5.0x103 . Thus, the relative
deviation (RD) is given by:

—i —i+1
Nup — Nup
—i

Nup

RD = <5.0x107° (11)

«jn

where D is the characteristic length of the block, the superscript “i” represents the coarse mesh, and “i + 1” the refined mesh.

Results of the grid independence test are presented in Table 1 for a study case where Re = 100 and Pr = 0.7 are considered. It is
obtained an independent grid with 207,600 volumes. The same grid configuration is employed in the other verification cases and
for the study of geometrical investigation. One example of the grid distribution is illustrated in Fig. 4 for the case Bi/H: = Bo/H2 =
0.8 and Li/H: = 2.0. As can be seen, in the blocks region it is employed a refined rectangular mesh to capture more properly the
velocity and temperature gradients, while in intermediate regions of the channel a mesh with triangular volumes is adopted.

For the verification of the code, it is simulated steady, incompressible, and forced convection flows at the laminar regime for
various Prandtl numbers, Pr = 1, 10, and 20, and Reynolds numbers of Re = 60 and 160. The local Nusselt numbers for the top half
of the square cylinder are compared with the results of Sahu et al. [45], as can be seen in Fig. 5(a) for Re = 60 and Fig. 5(b) for Re =
160. In Fig. 3, Letters A, B, C, and D represent bluff body's stagnation point, the frontal corner, the rear corner, and the central point
of the rear surface, respectively. In Fig. 5, it can be noticed a strong increase of local Nusselt number in the frontal corner (B) of the
bluff body due to the steep temperature gradient in this region caused by the detachment of the thermal boundary layer. This
behavior happened for both Reynolds numbers and different investigated Prandtl numbers. In region B-C, the Nusselt number
decreases, indicating that the reattachment of the thermal boundary layer happened only near the corner (C). Another peak is
noticed in the rear corner (C) due to the reattachment of the thermal boundary layer affected in the corner (B) and detachment of
the thermal boundary layer in this region of the body due to the end of the surface. One observes that all results agree within 4%
for all Prandtl numbers. The sole exception is noticed for a flow with Pr = 20 and Re = 160, where the magnitude of the Nusselt
number is underestimated, mainly in the region of the upstream corner (B). Despite some observed differences, results for local
Nusselt number for a flow over a bluff body indicate that the present computational model is verified to perform the geometric
investigation of corrugated channels subject to forced convection flows.

OT/ox =0T/gy =0
v=0

Voo Teo
—»
— 1 T
— Sy/2

— Inlet T, l P,=0atm | H

0T/ox =0T/gy =0 36 i otion=0
4 =x6 oy = u=v=_0 D2
| L D L, |

! ..

Fig. 3. Representation of the channel domain used in the study of Sahu et al. [45].

Fig. 4. Mesh composed of hybrid triangular/rectangular volumes with a higher refinement in wall regions of the blocks.
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Fig. 5. Local Nusselt number (Nu) obtained from the present code and that presented in Sahu et al. [45] for flow with various Prandtl numbers, Pr =1,
10 and 20, and a fixed Reynolds number: (a) Rep = 60, (b) Rep = 160.
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Fig. 6. Effect of the ratio Li/H; over heat transfer rate for different ratios of Bi/H for Rex = 60 and Pr = 6.99.

4. Results and Discussion

Figure 6 shows the effect of the ratio Li/H: on the heat transfer rate per unit length (q’) for three different values of Bi/Hi, and
keeping fixed the ratios Lo/H> = 2.0 and B2/H» = 0.8 for Ren = 60. As a general trend, it can be noticed that a decrease in the heat
transfer rate as the ratio Li/H: increases. Moreover, the optimal geometric configuration, i.e., the one that generates the greatest
thermal performance, is the lowest investigated case (Li/Hi)o = 2.0. This behavior happened because, for lower magnitudes of the
ratio Li/Hi, the trapezoidal form of the channel has a higher intrusion into spanwise direction of the channel, leading to an
augmentation of momentum around the first trapezoidal obstacle and increasing the heat exchange area. It is worth mentioning
that this condition is valid for the present fluid dynamic and thermal conditions once the momentum is imposed at the channel
inlet. As performed in Feijé et al. [9, 46], other studies have demonstrated that other configurations can be achieved when a
pressure drop is imposed on the channel. Results indicated that the highest difference between the best case, reached for Bi/H: =
0.8 and (L1/H1)o = 2.0, and the worst case, reached for Bi/H: = 0.8 and Li/H: = 8.0, presented in Fig. 6, is nearly 1.7%. Moreover, in the
region of lower performance, the curves with different magnitudes of Bi/H: crossed each other, indicating no dominance of one
ratio of Bi/H; that conducts to the best performance for all magnitudes of Li/Hi. Results also demonstrated that variation of the
ratio Bi/Hi in the range 0.8 < Bi/H: < 1.2 does not lead to important changes in the heat transfer rate per unit length (q), i.e., the
thermal performance showed a higher sensibility regarding the ratio Li/H: than the ratio Bs/Hu.

Figures 7 and 8 show the velocity and thermal fields reached for three different geometric configurations predicted in Fig. 6
when Ren = 60 and Pr = 6.99. More precisely, Fig. 7(a) - (c) and Fig. 8(a) - (c) show the configurations: (Li/Hi)o = 2.0, L1/H: = 4.0 and
Li/H1 = 8.0, respectively. Figure 7 illustrates the increase of the magnitude of velocity field near Block 1 with the decrease of the
ratio Li/Hj, i.e., with the increase of the block's intrusion in the spanwise direction of fluid flow. Once it is imposed a constant
velocity at the channel inlet, the higher intrusion of the block in the channel causes an augmentation of momentum to conserve
the mass in the domain. Moreover, the momentum is intensified over all blocks when the highest intrusion happened in Block 1.
It is also observed an intensification of the detachment of fluid dynamic boundary layer behind Block 1. Concerning the influence
of fluid dynamic behavior in the thermal fields, Fig. 8 shows that the detachment and reattachment behind Block 1 are intensified
for the lowest magnitude of Li/Hi, which can justify the augmentation of heat transfer between the heated surfaces of the
channel and the fresh stream. In the downstream blocks (Block 2 and 3) it is not observed significant differences in the thermal
boundary layers. Once changes of thermal boundary layers are restricted between Blocks 1 and 3, as well as, an augmentation of
momentum in the region among the blocks is slight, this cause only slight differences of heat transfer rate found among the
results, which is not superior to 2.0 % for the studied cases in Fig. 6.
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s} 0.0 Block 1 3.4x10°

(c) \ Block 2

Fig. 7. Velocity fields obtained for three different geometric configurations when Bi/H: = 0.8 and Rex = 60: (@) (Li/H1)o = 2.0, (b) Li/Hi = 4.0,
(c) Li/H: = 8.0.

T(K
) 300 Block 1 400

(c) \ Block 2

Fig. 8. Thermal behavior obtained for three different geometric configurations when Bi/H: = 0.8 and Rex = 60: (a) (L1/H1)o = 2.0, (b) Lv/H: = 4.0,
() Ly/H: = 8.0.

Figure 9 shows the effect of the ratio Li/H: over the heat transfer rate per unit length (q’) for the same conditions presented in
Fig. 6, but with a different Reynolds number: Rex = 160. The same trend showed in Fig. 6 can be seen in Fig. 9, i.e,, the increase of
the ratio L1/H: led to a decrease of q’. Due to the increase of Reynolds number, the magnitudes of heat transfer rate per unit length
are higher than that achieved for Ren = 60 (Fig. 6), which is expected. For instance, comparing both Figs. 6 and 9, it is observed an
increase of 55% on the magnitude of q’ for the optimal ratio (Li/Hi)o = 2.0 when B1/H: = 0.8. Despite this increase, the effect of Li/H:
over q’ is similar for both Res. Moreover, the once optimized ratio (Li/Hi)o is obtained for the lowest investigated magnitude, i.e,,
(L1/Hi)o = 2.0. It is also noticed that differences of q’ between the best ratio (Li/H1)o and the worst configuration does not exceed
2.0% for both Reynolds numbers, but it is not an unimportant effect, since, in compact heat exchangers, any gain in energy
transfer is valuable. Results also indicated that the curves of q’ as a function of Li/H: crossed each other when Li/H: > 4.0.
Differences found between different ratios of Bi/H: were more significant for Res = 160 than for Res = 60, but the sensibility of this
ratio over q’ regarding this ratio is still peripheral compared to the ratio Li/Hi. Despite this fact, results indicate that this ratio can
have a higher effect on the increase of Reynolds number, which should be investigated in future works.

Figures 10 and 11 show the velocity and thermal fields predicted for three different geometric configurations obtained in Fig. 9
for Ren = 160. More precisely, Fig. 10(a) - (c) and Fig. 11(a) - (c) show the configurations: (L+/Hi)o = 2.0, L+/H1 = 4.0, L//H1 = 8.0 when
B1/H1 = 0.8. With the augmentation of Reynolds number, it can be seen a more intense magnitude of velocity fields, along with all
domains compared to the case with Ren = 60, which is expected. In Fig. 10(a), it can be seen that the highest intrusion of Block 1 in
the spanwise direction of the channel intensifies the detachment of velocity boundary layer and the reattachment happened in
the downstream block (Block 3), while for configurations of Figs. 10(b) and 10(c), this effect is more smoothed. Concerning the
thermal fields, Fig. 11 shows that the highest intrusion of Block 1 in the channel intensifies the mixture of energy behind it. The
temperature mixture caused by vortex behind Block 1 seen in Fig. 11(a) is not observed in Figs. 11(b) and 11(c), where thermal
boundary layers were smoothed. The velocity and temperature fields near Block 2 are similar for the three different
configurations. However, the increase of Reynolds number from Reu = 60 to 160 intensified the differences of the vortex generated
behind Block 2, which is indicative that the increase of the Reynolds number can affect the influence of configuration of Block 1
over the fluid dynamic and thermal behavior in the region of Block 2.
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Fig. 11. Thermal behavior obtained for three different geometric configurations when Bi/H: = 0.8 and Rex = 160: (a) (Lv/Hi)o = 2.0, (b) Lv/H: = 4.0,
() Ly/H: = 8.0.
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The optimal shapes reached in Fig. 6, and Fig. 9 are compiled and reproduced in Fig. 12(a) and 12(b). More precisely, the effect
of the ratio Bi/H: over the once maximized heat transfer rate (q’m) is presented for Res = 60 and 160, given by Fig. 12(a) and 12(b),
respectively. It is worth mentioning that the compilation of the results of Fig. 6 and Fig. 9 leads to the curve Lo/H2 = 2.0 in Fig. 12(a)
and Fig. 12(b). For the achievement of the other curves (Lo/Hz = 4.0, 6.0, and 8.0), the same process performed in Fig. 6 and Fig. 9 is
repeated for other magnitudes of Lo/Hz. It can be seen that all curves show similar behavior for all Lo/Hz ratios, i.e., the increase of
ratio Bi/H: led to a slight decrease of q’m. One notable exception is obtained for the ratio Lo/H2 = 6.0, where the best ratio of Bi/H:
was reached for Bi/H: = 1.0 and not for Bi/H: = 0.8 as predicted for other ratios of Lo/Hz. In general, it is also noticed that the
combined investigation of the ratios Li/H: and L»/H: led to an augmentation of the thermal performance in comparison with the
situation where just one degree of freedom is evaluated. For instance, the best and worst performance difference reached for Reu
= 60, Bi/H1 = 0.8, and B»/H: = 0.8 is nearly 80 W/m, see Fig. 6, while the highest difference obtained in Fig. 12(a) increases to 350
W/m. The best-case presents magnitudes of q' 8.6% and 4.7% higher than the worst once optimized case, respectively in Fig. 12(a)
and Fig. 12(b). Therefore, results indicated that the combined investigation of degrees of freedom is important for improving the
thermal performance among the once optimized cases. Results of Fig. 12 reinforced that the effect of the degrees of freedom L2/H>
and Li/H: over thermal performance is more significant than that noticed for the ratio Bi/Hj, for the present fluid dynamic and
thermal conditions.
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¢,=¢,=004 A 4,=¢,=004
%000 Re,, =60 LJH,=20 Re, = 160
0 LJH,=20 Pr=6.99 7650 - Pr=6.99
4950 |- ]
£ 4900k ~  E 7600k 4
< :

'
m
m

q
q

4.0 ] 7400 4.0 8.0 -
4600 |- i i
6.0
7350 |- ]
8.0 L 6.0 1
4550 1 n 1 L 1 L 1 L 1 7300 1 " 1 " 1 L l 1 l
0.8 09 1.0 1.1 12 0.8 0.9 10 1.1 12
B/H, B/H,
(@) (b)

Fig. 12. Effect of ratio B./H: over heat transfer rate per unit length once maximized (q'»): (a) Ren = 60, (b) Res = 160.
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Fig. 13. Effect of ratio Lo/H, over heat transfer rate twice-maximized (q’wm) for two different Reu.
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The best shapes reached in Fig. 12(a) and Fig. 12(b) for Res = 60 and 160 are compiled and presented in Fig. 13, which presents
the effect of the ratio L/H2 over the twice optimized heat transfer rate (q’mm). Once the best shapes obtained for both Reynolds
numbers were almost constant, with (Bi/Hi)o= 0.8 and (Li/H1)e = 2.0 for all cases, with exception when Ly/Hz = 6.0 where (B1/H1)o =
1.0, it is not represented specific curves of the effect of Lo/H» over (Bi/Hi)o and (Li/H1)e. Figure 13 shows that the best configurations
are reached for the lowest investigated magnitude of Lo/Hy, i.e., (Lo/H2)o = 2.0. The best-case presents q' values 9.0% and 5.5% higher
than the worst second optimized case, respectively for Rex = 60 and Ren = 160. For both Res numbers investigated, the increase of
the ratio Lo/H2 led to a decrease of performance since the fresh stream has a low interaction with the upper trapezoidal blocks, as
observed in the thermal fields presented in Fig. 13. It can be noticed that for L/H> = 8.0, an augmentation of the magnitude of
temperature field in the region between the first and third blocks is obtained. In general, the results indicated that higher
magnitudes of Li/H: and Lo/H, prevent a higher interaction of the fresh stream with the blocks. The increase of both blocks' height
is beneficial to increase the interaction of the fresh stream with the heated surfaces. The blocks' insertion intensified the
detachment and reattachment of boundary layers, increasing the convection heat transfer and heat transfer rate between the
heated walls and fresh stream. Results also demonstrated that, as expected, the increase of Reynolds number augmented the
heat transfer rate between the plate and the flow significantly, but for the Res investigated the design sensibility over the thermal
performance is similar. The best shape obtained for Reu = 160, (Lz/H2)o = 2.0, (B1/H1)oo = 0.8 and (L1/H1)ooo = 2.0, led to a three times
maximized heat transfer rate per unit length of q'mmm = 7674.15 W/m, which is nearly 7% and 65% superior than the worst-case
reached for Rex = 160 and Rex = 60.

5. Conclusion

The present numerical work investigated the design of a parallel plate channel with trapezoidal obstacles (generating a kind
of corrugated channel) under laminar, incompressible, steady forced convective flows. The geometric investigation uses the
Constructal Design (which is a universal physical principle of maximization of internal currents in any finite-size flow system).
Three degrees of freedom were investigated here (Li/Hi, Bi/Hi, and Lo/H,) for two different Reynolds numbers (Res = 60 and 160),
seeking to maximize the heat transfer rate per unit length between the heated plates and the fresh flow. For all cases, it was
considered a Prandtl number (Pr = 6.99).

Firstly, a careful comparison of the results obtained with the present method with those obtained in Sahu et al. [45] for
laminar flow over a bluff body was performed. The achieved results showed a very good agreement with literature results,
verifying the present numerical method for geometrical investigation of corrugated channels subjected to forced convection
flows.

Concerning the geometrical investigation in corrugated channels, results demonstrated that the lowest ratios Li/H: and L/H>
led to the best thermal performance, i.e., the highest heights H: and H> were the ones that benefitted the heat exchanger under
the present fluid dynamic and thermal conditions. This behavior happened since the increase of obstacles intrusion forces the
fresh flow to interact with the heated plates and obstacles. Moreover, the highest intrusion of the blocks studied here causes an
augmentation of velocity magnitudes in all blocks and to a higher interaction between the vortex generated behind Block 1 and
the surface between Blocks 1 and 3. For Ren = 160, some influence in Block 2 is also noticed in the lower surface of the corrugated
channel. It was also noticed that the ratios Lo/Hz> and Li/H: have a more significant influence over the thermal performance than
the ratio Bi/Hi, which demonstrated only a slight effect. Despite this fact, the effect of Bi/H: slightly increases with the
augmentation of the Reynolds number. Another important observation is concerned with the investigation of the degrees of
freedom in a combined way. Here, results indicated that the combined analysis of the ratios Lo/H2 and Li/H1 increased significantly
the thermal performance compared to the sole investigation of the degrees of freedom, showing that several degrees of freedom
are adjusted to improve the global performance of the flow system.

Results demonstrated that differences of nearly 9.0% and 7.0% were obtained comparing the best and worst performance for
the same Ren = 60 and 160. Moreover, similar best configurations were obtained for both studied Reynolds numbers. When the
best shape obtained for Res = 160 and the worst shape obtained for Res = 60 were compared, a difference of nearly 65% was
achieved, showing that the Reynolds number has a strong influence on the performance in the range of the investigated Reynolds
numbers. All the above remarks highlight the importance of the geometric evaluation to achieve the best thermal performance of
corrugated channels employed in heat exchangers.

For future studies, it is recommended the complete investigation of degrees of freedom, including the distances between the
blocks and investigation of other parameters of fluid flow as different Reynolds numbers and fluid flows under mixed convection
heat transfer.
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Nomenclature
A Channel area [m?] . -
mm Twice maximized
A:1  Upper obstacle area [m?] - .
) mmm Thrice maximized
A> Lower obstacle area [m?] o Once optimized
B:1  Smaller upstream block base [m] 00 Twice op timized
B> Length of the smaller base of the downstream block [m] 000 Thrice cf) timized
Cp specific heat [J-kg-1-K-1] p
. . . . P, Prandtl number [-]
g  acceleration of gravity the y direction [m-s-2] , P i1 h »
H Height of the channel [m] q Heat transfer rate per unit length [W-m™]
. - Ren Reynolds number [-]
H: Upstream fin height [m]
H> Height of the downstream fin [m] T- Free-stream temperature [K]
2 g Ues Velocity of the fluid at the entrance to the channel [m-s™]

L  Channel length [m]

L1  Length of the largest upstream block base [m]

L, Length of the largest base of the downstream block [m]
Ls Distance between the centers of the blocks [m]

m Once maximized

a Thermal difusivity [m?.s]
B Thermal expansion coefficient [K]
v Kinematic velocity [m?.s]

u Fluid dynamic viscosity [kg-m™s™]
o Density [kg-m?]
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