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NOMENCLATURE

Ay fin's occupancy area, m?

A, fin's area, m?

Be  Bejan number, APL?/pa

Cp specific heat, J/(Kg.K)

H channel's height, m

H;, Hy fin's height, m

k thermal conductivity, W/(m.K)
L channel's length, m

L,, L, fin's occupancy area length, m
L, Ly fin's length, m

p pressure, Pa

Pr Prandlt number, v/a

q heat transfer rate, W

Rey Reynolds number, puH /p

T temperature, K

u,v  stream, spanwise velocity components, m/s

X,y cartesian coordinates, m

ABSTRACT

This paper aims to numerically study the heat transfer in a two dimensional
finned channel under laminar, incompressible and forced convective flow
with adiabatic walls. The main purpose is to maximize the convection heat
transfer by changing the fin’s dimensions by means of Constructal Design.
Numerical computations are performed for different Bejan numbers ranging
from 0.182 up to 18.2. For all simulations the Prandlt number is kept
constant, Pr = 0.71. The fluid motion throughout the channel is caused by
imposition of pressure difference between inlet/outlet surfaces. Concerning
heat transfer, it is caused by the difference of temperature between the inlet
stream of fluid and the heated fins placed at the channel surfaces. The first
fin is positioned in the lower surface of the channel while the second one is
placed in the upper one. The problem is submitted to three constraints, the
channel area (H x L), area of two fins and occupancy areas for the fins. It is
considered here that both fins have the same fraction area (ratio between the
fins and occupancy areas) ¢ = 0.2. The problem is submitted to three
degrees of freedom: H/L (ratio between height and length of channel), Hs/L;
and Hy/L, which represent the ratio between the height and length of the
first and second fin, respectively. Here, the second fin remains unchanged,
being its dimensions Hy/L, = 2.0, whereas the first one is free to modify its
dimensions, H3/L;. The channel dimensions are also constant. The solutions
are sought using the conservation equations of mass, momentum and energy
being these ones discretized through the Finite Volume Method (FVM).
Results showed the importance of Constructal Design application for
thermal improvement of the problem. Thermal efficiency differences of 5
times where achieved when comparing the best and worst cases. Other
important observation is concerned with the effect of ratio H;/L; over heat
transfer ratio (q) which varied significantly from a case where a pressure
drop is imposed in the channel to other case where the driven force is
caused by imposition of velocity field at the channel inlet.

Keywords: numerical simulation, constructal design, finned channel, forced
convection, Bejan number

Greek symbols

a thermal diffusivity, m*/s
p density, (kg/m?)

v kinematic viscosity, m*/s
u dynamic viscosity, Kg/(m.s)
Superscripts

f final

J current

Subscripts

Fin fin

m once maximized

max maximum
once optimized
w wall
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INTRODUCTION

Internal flow in finned channels and tubes are
subject of research interest in engineering mainly
because of the heat transfer enhancement due to the
fins. The knowledge of the features of the flow inside
this kind of channels and how it has been coupling
with the heat transfer processes is crucial for many
branches of engineering that seek high thermal
performance as heat exchangers, thermal machines
and electronic devices as well. The performance
enhancement is sought through the maximization of
the convection heat transfer coefficient in cases in
which the forced convection dominates the heat
transfer process. Therefore, the optimization
techniques applied to such cases can lead to good
result. In these cases, the optimization can be aimed
to target ecither the geometry or the geometric
parameter of system in order to maximize or
minimize a chosen process. In heat transfer processes
the current optimization tools are very suitable to
apply in parallel with computational codes, avoiding
excessive computational costs or even the costs
associated to an experimental campaign.

In this work Constructal Design is used to
maximize the heat transfer process in a finned
channel. This method is based on the Constructal
Law which is a physical principle that states that for a
given flow system to remain alive along the time its
configuration must evolve in such way that
maximizes its internal currents (Bejan, 2000; Bejan e
Lorente, 2008, Bejan e Zane, 2012). Constructal
Design uses the method of objective and restrictions
to evaluate the effect of geometry or parameters over
one or more objectives aiming to minimize the
system imperfections. According to Rocha et al.
(2005) best geometries are mostly sough in problems
involving heat transfer, fluid dynamics, optimization
in cavities or finned tubes.

Works based on the Constructal Design were
published by Rocha et al. (2005); Kundu and Bhanja
(2010); Lorenzini et al. (2011a) among others. The
authors above carried out numerical simulations on
the heat transfer processes in cavities and fins, for
different shapes (C, Y and T). Furthermore, finned
cavities were also studied by using the same
technique (Lorenzini et al, 2011b; Lorenzini et al,
2012).

Important works of Bejan and Lorente (2008,
2011, 2013) and Reis (2006) showed that Constructal
Design is not only a method for engineering
evaluation, but a method used to view the design and
evolution in physics, biology, technology and social
sciences. Into heat exchangers realm, Fan and Luo
(2008) promoted contributions to rise knowledge on
the Constructal Design applied to heat exchangers.
Afterwards, Azad and Amidpour (2011) showed that
the Constructal Design may successfully applied to
shell-tubes heat exchangers. The authors also pointed
that the cost involved in the project may be reduced
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at least 50% in comparison with traditional methods
used to set up shell-tube heat exchangers.

This paper aims to maximize the heat flux in a
rectangular channel containing two rectangular fins
for three different Bejan numbers, Be = 0.182, 1.82
and18.28, by means of Constructal Design associated
with exhaustive search. In other words, Constructal
Design is used to define the search space and all
possibilities are simulated (with exhaustive search).
The flow inside the finned channel is laminar and the
Prandlt number is kept constant during the
simulations, Pr = 0.71. The fin’s geometry are
height, H; and Hy, and length, L; and L4, confined in
a space with height H, and lengths L, and L,. The
geometry is subjected to three restrictions: 1) total
area of the fins, 2) area of occupancy of the fins, 3)
total area of the channel. The system has three
degrees of freedom given by the ratio between height
and length of the channel, which is kept fixed, H/L =
0.0625, the ratio between height and the length of the
first fin (Hs/Ls), which is located on the lower wall of
the channel, and the ratio between height and length
of the second fin (H4/L,), located on the upper wall of
the channel, which is also kept fixed, Hy/L, = 2.0. To
perform calculations the discretization is performed
with the Finite Volume Method (FVM), more
precisely employing the commercial code FLUENT®
(Patankar, 1980; Versteeg and Malalasekera, 2007;
FLUENT, 2007).

PROBLEM DESCRIPTION

The physical problem analyzed consists of a two
dimensional channel with two fins, as shown in Fig.
1. The fluid used in the study is air and its movement
is generated by imposing a pressure at the channel’s
inlet, on the left, and also at the channel’s outlet, on
the right. In this study the channel area (A = H.L =
2500 mm?) and the ratio between the area of the fins
over its occupancy area (¢ = ¢; = ¢, = 0.2) will be
kept fixed. The ratio between the height and the
length of the first fin (Hs/L;) will be varied. A
channel with a length of L = 800 mm and height H =
50 mm was considered. The degrees of freedom are
optimized for a laminar flow with Prandtl number of
Pr=0.71 and a prescribed temperature (T,, = 300 K)
at the inlet of the channel. The manometric pressure
at the outlet is considered P, = 0 Pa. At the walls,
no-slip condition is applied. Boundary conditions for
heat problem were also imposed. The channel’s walls
are adiabatic and prescribed temperature, Ty, = 330 K,
is imposed at the fin’s walls. Based on the pressure
difference, the total length of the channel, L, the
thermal diffusivity, o and the viscosity, u, three
different Bejan numbers were simulated, Be = 0.182,
1.82 and 18.28, for convection heat transfer
assessment.

The problem optimization is bounded by three
different regions, the channel area, (A), the fins
occupancy area (A;) and the area of the fins itself
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(A»). The equations for area of geometries are given
by:

A=H x L (1)
A =HxL =HxL, )
A, = HyxL,=H, xL, 3)
Fin 2
wine | = T——
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Figure 1. Computational Domain of the finned
channel.

The Bejan number, Be, is widely employed in
heat transfer problems to represent dimensionless
pressure drop along the channel’s length, L.
According to Bejan is a good tool to compare
different flow that the pressure gradient is the
dominant force. Bejan number is given by (Bejan,
2014):

APL?
Be= (4)
Ha

where AP is the pressure difference between inlet and the
channel’s outlet (Pa), L is total length of the channel (m), pn
is the dynamic viscosity (kg/m.s) and a is thermal
diffusivity of the fluid (m?/s).

The optimization process was carried out as
stressed in Fig. 2. Firstly, the geometry is optimized
through the Hy/L; — ratio variation. This geometric
parameter is free to change from 0.25 up to 4.0, for a
constant Be = 1.82.

Feijo, et al. Constructal Design Applied to a Finned...

Figure 2. Sketch of the optimization process applied to a
finned channel.

During the calculations the once maximized
heat transfer rate value is achieved, q.,, and the
corresponding geometry is the once optimized ratio
Hj/L;, (H3/L3),. Afterwards, the processes is then
repeated for each Bejan numbers (Be = 0.182, 1.82
and 18.28) to assess the influence of Bejan number
over q,, and (H;3/L3),. Figure 2 shows a sketch of the
optimization process where 48 simulations are
performed.

MATHEMATICAL MODELING
NUMERICAL PROCEDURE

AND

For laminar, incompressible steady state forced
convective flows the mass, momentum in x and y
directions and energy conservation equations are
given by (Bejan, 2014):

ou Ov
—+—=0 )
ox 0y
ou ou 1 op azu 6214
Uty = —— — (6)
ox Oy pOox 6x2 6y2

ov ov__lop [0°v 0%y

Uu—-+v— +
ox 0y poy 8x2 6y2

(7

oT 0T k (o*T o°T
U—+v—-= —+— (8)
ox 0y pc,\0ox" 0y

u and v are the stream spanwise velocity components,
(m/s); p is the pressure (Pa), v is the kinematic
viscosity (m?/s), p is the air density (kg/m?), T is the
temperature (K), ¢, and k are the specific heat and the
thermal conductivity, (J/kgK) and (W/m.K),
respectively.

The scheme employed to solve Egs. (1) — (3) is
based on the pressure. For the advection terms it is
used second order Upwind scheme. Pressure velocity
coupling is done by using SIMPLEC method
(Versteeg and Malalasekera, 2007). Furthermore,
sub-relaxation factors 1.0, 0.6 and 0.8 were imposed
to the equations for mass, momentum and energy,
respectively. The maximum numeric residue was
imposed to be 10°%, 10° and 10% for mass,
momentum and energy equations, respectively.

The mesh is built employing the commercial
software GAMBIT, with 26,000 finite volumes, as
shown in Fig. 3.

The numerical simulations are carried out in a
computer Intel i5 3.10 GHz and 8 GB RAM. Each
optimization took about 5 up to 15 min to get ready.
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Figure 3. Spatial discretization applied to the finned
channel.

To verify the quality of the mesh refinement, a
mesh independence test was performed. As a
comparison value, the total heat transfer rate (q) of
the two fins was chosen. It was considered that a
mesh with 25,826 finite volumes satisfies the needs
of this work. According to the results obtained, the
following value was obtained as acceptance criterion:

(@ — G )/ Pmax] <1.1x10°° 9)
RESULTS AND DISCUSSION

As previously mentioned in this work, 16 cases
were simulated for each of the three Bejan numbers
under study, varying the ratio Hi/L; between the
range of 0.25 and 4.0, in order to determine the
geometry with the best thermal performance. The
results obtained can be seen in Fig. 4. The highest
values for the heat transfer rate (q) were obtained for
Be = 18.28 while the lowest values of (q) were
obtained for Be = 0.182, as expected, since the
increase in the Bejan number represents an increase
in the driving force of the flow. It is also noticed that
for all evaluated Be, the lowest ratio of Hj/L;
conducted to the best thermal performance, contrarily
to previous observations where the velocity is
imposed at the inlet of domain. In Figure 5 we can
observe the temperature fields for the optimal
geometries, (Hsy/L3)y, for the three values of (Be). A
higher value for (Be) means a higher pressure drop
between the inlet and outlet of the channel, which
causes a higher flow velocity and consequently a
higher heat transfer between the heated walls and the
fluid. Figure 6 shows the velocity fields for the
optimal geometries and provide help in a better
understanding of this phenomenon.

700

Pr=0.71
Tuo: 300 K’

600 |- 18.28
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Be =0.182
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Figure 4. Effect of Hy/L; on the heat transfer rate (q)
for different Bejan numbers (Be).
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Figure 5. Temperature fields for the geometries with

the best thermal performance: a) Be = 0.182, b) Be =
1.828, c) Be = 18.28.
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Figure 6. Velocity fields for the geometries with best
thermal performance: a) Be = 0.182, b) Be = 1.828, c)
Be =18.28.

Figure 7 shows how much each fin (fin 1 for the
lower-wall fin and fin 2 for the upper-wall fin)
contributes to the total heat transfer, along the range
of H3/L; under study. Note that for the smallest value
of Be (0.182) the contribution of the upper-wall fin is
much smaller. The reason for such an event is that for
this Bejan number, the flow’s velocity is considerably
smaller compared to the other two values of (Be),
which causes the cooler fluid to pass through the first
fin and to heat up almost completely to the fin’s wall
temperature from this point, as can be seen in Fig. 5
(a). This fact does not occur for the higher values of
(Be) because the higher flow’s velocity causes it not
to be able to completely heat up to the fin’s wall
temperature when passing through the first fin. The
best shapes reached in Fig. 1 are compiled and
presented in Figs. 8 and 9. More precisely, Figs. 8
and 9 depict the effect of Be over the once
maximized heat transfer rate (q,) and the once
optimized ratio of Hj/L;, (Hs/L;),. It can be noticed
that the optimal shape was the same for all evaluated
Be numbers.

In this work, a difference of pressure between
the entrance and exit of the channel was imposed.
Figure 10 shows the same problem but now simulated
with a velocity field imposed at the channel’s
entrance with a Reynolds number of Rey = 100. It is
possible to note that the main difference is concerned
with the effect of the ratio Hs/L; over q, including the
optimal shape achieved. For this case, unlike the
previous one where a pressure drop was imposed,
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there is a tendency of increasing of the heat exchange
with the increase of Hj/L;. This fact can be
understood by re-analyzing the case with a pressure
difference imposed with the aid of Fig. 11 which
shows the temperature and velocity fields for the
geometry with the worst thermal performance for Be
= 1.828. Comparing Fig. 11 to Fig. 6, it can be noted
that increasing the height of the first fin causes a
larger decrease in fluid velocity as it passes through
the first fin due to increased flow obstruction, greatly
reducing the thermal exchange of the second fin (the
first fin also has a drop in the thermal exchange with
the increase of the fin’s height but that happens in a
smaller rate, as shown in Fig. 7). This does not occur
when there is a prescribed velocity at the entrance of
the channel. In this case, the fluid is able to maintain
a higher velocity when passing through the fins, even
in the case where the height of the fins is close to the
maximum, as can be seen in Fig. 12. Thus, in the case
where Rey is imposed it is necessary to evaluate the
problem considering two objectives (heat transfer rate
and the channel pressure drop).
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Figure 7. Effect of H3/L; on heat transfer rate (q) per
fin for different Bejan numbers (Be).
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Figure 8. Effect of the Bejan number (Be) on the rate
of the once maximized heat transfer (q ).
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Figure 10. Effect of H3/L; on heat transfer rate (q)
for Reynolds number Rey = 100.

b)
Figure 11. a) Temperature field for Be = 1.828 and

H;/L; = 4.0, b) Velocity field for Be = 1.828 and
H3/L3 =4.0.
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Figure 12. a) Temperature field for Rey = 100 and
Hj/L; = 4.0, b) Velocity field for Rey = 100 and
H3/L3 =4.0.

CONCLUSIONS
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In this work, the geometric optimization of a
channel with heated rectangular fins, subjected to
forced convection, where the movement of the fluid
is generated by the imposition of a pressure
difference between the inlet and the outlet of the
channel in a steady, two-dimensional, laminar
regime, is studied numerically applying the
Constructal Design. A Prandtl number of Pr = 0.71
was considered. The total area of the channel and the
area occupied by the two fins were fixed. The
problem objective was to maximize the heat transfer
between the fins and the fluid. The ratio of height and
length of the lower-wall fin, H3/L;, was varied to find
the geometry that best meets the objective, in the
range of 0.25 < H3/L; < 4.0. For this range of Hj/L;
analyzed, three different values of the Bejan number
(Be =0.182, 1.828 and 18.28) were studied.

It was verified that the imposition of a pressure
field results in an effect of the H;/L; ratio on (q)
opposing to that observed when there is a velocity
field imposed on the channel’s entrance. It was also
noticed that for all simulated Bejan number values,
there is always a tendency for the heat transfer rate to
decrease with the increase of H;/L;, with a step drop
of q when the height of the fin is the highest possible.
Regarding the thermal performance, the results
showed that for these simulated cases, a higher Bejan
number is ideal. Comparing the geometries that
provided the best heat transfer rates, a Bejan number
equal to 18.28 has a thermal performance 11.09 times
higher than using the lowest value of (Be) simulated.
Among the geometries with the same Bejan number,
for Be = 0.182, 1.828 and 18.28, it was possible to
obtain a thermal performance up to 5.05, 5.02 and
1.61 times higher respectively, comparing the best
and the worst results for each (Be).

This work showed that the methodology used by
the Constructal Design is very useful for the
understanding and analysis of problems of channel
flows with heat transfer. In future works will be
evaluated other Bejan numbers and other geometric
ratios for the downstream fin.
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