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Abstract

Heat exchangers are an essential component in many of the
vital processes of our daily lives. The following work is
directed to the study of compact heat exchangers,
specifically those with elliptical tubes and louver fins.
Through numerical simulation it is intended to obtain the
thermo-hydraulic behavior of louver tube-fin geometries.
Model inlet velocities corresponding to low Reynolds
numbers (less than 1000 based on hydraulic diameter) are
studied. The behavior ofthese geometries is simulated

through the use of Computational Fluid Dynamics
techniques. Establishing of the necessary boundary
conditions to solve the equations as well as meshing of all
models are described. The fin efficiency was determined
according to the Schmidt method and the different models
were compared regarding their thermohydraulic behavior.

Key words: louver fins, enhancement of heat
transfer, numerical simulation, CFD.

Resumen

Los intercambiadores de calor constituyen un componente
esencial en muchos de los procesos vitales de nuestra vida
cotidiana. El siguiente trabajo va dirigido al estudio los
intercambiadores de calor compactos, especificamente a
los de tubo eliptico y aleta veneciana. El objetivo final es
obtener el comportamiento termo-hidraulico de geometrias
tubo-aletas venecianas, a través de simulacién numérica.
Se estudian velocidades de entrada al modelo
correspondientes a bajos numeros de Reynolds (inferiores a
1000 basados en el diametro hidraulico). EI comportamiento

de estas geometrias es simulado mediante el empleo de
técnicas de Dinamica de Fluidos Computacional. El
mallado de los modelos es descrito y se establecen las
condiciones de contorno necesarias para la solucién de las
ecuaciones. Se determiné la eficacia de la aleta segun el
método de Schmidt y se realizaron comparaciones del
comportamiento termo hidraulico entre los diferentes
modelos estudiados.

Palabras clave: aletas venecianas, intensificacion de la
transferencia de calor, simulacién numérica, CFD..
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Introduccion

There are multiple types of heat exchangers, which differ, among other characteristics, by their size, flow
arrangement, surface arrangement and construction. The so-called compact heat exchangers are widely used
in industry, automotive transport, refrigeration industry and in multiple applications of medicine. They are
devices that are characterized by a small volume and a low relative weight if one considers the amount of heat
they are capable of transmitting.The geometry that presents elliptical tube is one of the most studied non-
circular provisions, however, the information about these is not complete due to the large number of parameters
that affect the performance of the heat exchanger that uses this geometry.

Burkova et al [1] did an extensive study for elliptical tubes in staged distribution, looking for the influence of
the number of rows. It was carried out following the classic method of complete simulation and the Reynolds
numbers used were within a turbulent flow regime.
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Pérez et al [2] experimentally characterized models of heat exchangers with elliptical tubes and smooth fins.
The Reynolds number and spacing varied within the laminar regime. The experiments were developed in an
open circuit wind tunnel using naphthalene sublimation and heat and mass analogy. They were the first
correlations that were applied to a wide range of spacings.

Han, H. et al [3]carried out a study, in which they investigate numerically by examining different elliptical and
circular tubes the heat transfer characteristics of tube heat exchangers, for three different tube configurations.
The results reveal that the use of the elliptical tube, not only can reduce the flow resistance but also improve the
heat transfer capacity of the heat exchangers, which improved the efficiency of the fin. When comparing a fin
with elliptical tube with one with a large circular tube, it is found that the heat transfer rate of the fin with elliptical
tube increases by 4.9 %, while the heat loss decreases by 31,8 %.

In a literature review by Jacobi [4], that was published in 2001 and is covering more than 150 articles, the
most studied geometric ranges of compact heat exchangers are presented. Generally, louvered fins are sized to
be used in refrigeration or air conditioning equipment, which are under the most common applications of these
heat exchangers. The louver angleinfluences the flow direction in the area where they are featured. Several
authors have reported that the length required for the flow to be fully developed is a function of the Reynolds
number and the passage between fins[5, 6].

In order to find better geometries, optimization techniques have been used. Jang and Chen [7] carried out a
study concerning the bestlouver anglefor a heat exchanger utilizing louvered fins with the simplified conjugate
gradient method. In order to decrease the area of the fin an optimum angle of 28,6° was obtained as a result.
They validated their results experimentally using infrared thermometry.

Although there are many works devoted to the study of louver fins, most of these refer to fins that use circular
tubes. The present study focuses on combining the configuration of elliptical tubes with louver fins, especially
the so-called: x-shaped. The louver angle and the speed of air entering the channel between fins will vary. By
means of meta-heuristic techniques we will obtain what is the optimum angle and at what speed it would
present the best conditions considering the heat transfer and the pressure drop.

Methods and Materials

As in every numerical investigation two subject are very important, the first is the physical and computational
domain, the other, are the boundary conditions applied to every surface limiting the model frontiers. In this
section governing equations and operation condition are declared too. All aspects here considered are designed
to complete the numerical problem formulation. Below in table 1 are shown the basic dimensions of the models
to be studied. figure 1 shows the louver angle and the louver pitch.

Table 1. Dimensions of louvered fin models for one row of elliptical tubes

Description Nomenclature| Value
Fin pitch (mm) Fp 1,52
Longitudinal pitch (mm) L 21,6
Transversal pitch (mm) St 8,9
Louver angle (9 a Variable
Fin thickness (mm) ft 0,125
Larger diameter of the elliptical tube (mm) R1 11,01
Minor diameter of the elliptical tube (mm) R2 4,94
Distance between the fin exit to the channel outlet (mm) y 200
Distance between the entrance to the channel to the fin (mm) X 10
Louver pitch (mm) Lp 1,85
Fin Material aluminum
Turnaround louver _ Louver plitch
O Y
— A A NN—
Louver angle

Fig. 1. Side view of the louvered fin

The phenomenon of the movement of a fluid and the heat exchange between the fluid and the surfaces that it
contacts are studied. Most important for that are the equation of continuity, the equations of momentum in each
of the axes and the equation of the Energy. Assumingsteady state, incompressible flow in a laminar regime with
constant properties and no viscous dissipation,these equations are expressed in the same order in which they
were mentioned, as follows equation 1, 2 and 3:

aui

w0 )
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The solution of equations 1, 2 and 3 are achieved for a computational domain shown in figure 2. The
domainhas been extended in the input and output regions of the model. The extension length is seven times the
length of the spacing between fins in the entry direction and about ten times the length of the fin in the exit
direction.

Virtual extension of the

channel to output
Virtual extension of the P

channel to the input

Wall

Pressure outlet
Wall Symmetry

Velocity Inlet
Fig. 2. Representation of channel and fin boundary conditions

The need to have a uniform and one-dimensional velocity profile at the entrance of the model, as well as to
avoid the existence of reverse flow in the exit section, is the reason for these extensions [8]. The fin in the
central region of the domain is taken as a solid, while the channels above and below it is considered as fluid
regions. Two boundary conditions are needed, the temperature in the tube and the parameters of the fluid at the
channel inlet. The velocity inletwill be varied to study a range of Reynolds number. The boundary conditions for
each surface are summarized below:

At the inlet of the model, equation 4:
v=w=0 u=const. T=const (4)
In the upper and lower part of the domain, a periodicity conditionwas considered. On the surface of the fin,
conjugated heat transfer is solved and a not slip condition is considered:

On the surface of the tube we will have, equation 5:

u=v=w=0 T =const. (5)
In both sides of domain a simetry condition was applied, equation 6:

ou ow OT _ - ©)
dy dy dy vE

At the outlet of the model, equation 7:
ou_ov_ov_0T_ )
x Jdx 0dx Ox
The flow is considered inside the laminar regime because the air velocities in the channel are very low, to
avoidkinetic noise. Calculations are made in steady state. The flow to analyze is three-dimensional, with velocity
and temperature fieldsuncoupled, then the temperature field can modify the velocity field. The flow is
incompressible, and with constant physical properties.The operating conditions are listed below:

1. Gage pressure: 0 kPa.

Air density: 1.225 kg/m?®.

Absolute viscosity: 1,7894 x10° kg/m-s.

Velocity inlet: ranging from 0.5 to 5 m/s.

Air temperature at the inlet of the model: 300 K.

Tube wall temperature: 333 K.

Thermal conductivity: 0.0242 W/m-K

8. Air specific heat at constant pressure: 1006.43 J/kg-K

The region of the geometry and the channel are meshed using hybrid tetrahedron type elements (TGrid) with
Gambit 2.4.6 software. It is meshed in such a way that it produce a solution independent of the mesh, since the
difference between solutions does not exceed 0.6 % between two successive meshes with different density.
The mesh used does not have any skewness element, nor any element with negative or inverted volume.

No oprwhN

Validation of the numerical model

The numerical model used in this paper need to be certified before it could be applied for research. The
method used here to certificate the model was to build a computational model with similar dimensions and
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characteristics that a geometry which had already been researched and its results are available in the literature.
A geometry studied by Han et al [9] was selected, which wasvalidate using experimental results by Wang et al
[10]. Han et al [9] state that the average deviations of the friction factor (f) and the Colburn factor (j) between
their numerical model and Wang et al' results are 9,3 % and 4,5 % respectively. The experiments of the authors
were based on a similar geometry of louvered fin with elliptical tube but using louver surrounding the tube.
Another difference is that the inlet air to the wind tunnel has a temperature of 308 K and the wall temperature of
the tubes is 353 K. The same flow regime, interpolation procedures, boundary conditions and convergence
criteria were used. The coupling pressure-velocity is implemented using the SIMPLEC algorithm.

In figure 3 it is observed that for the values of Ap there are a good match, although the numerical model
underestimates slightly this parameter. The behavior of the heat transfer coefficient is also quite approximated
by the numerical model. The difference between the behaviors of these curves can be producedbecausethe
geometry construction shown in the work of Han et al [10] is not realistic.It doesn’treproduces all details of the
model nor the correct shape. The h-curve of this work overestimates for speeds above 1.5m/s while
underestimating h for speeds below 1,5 m/s when compared to those of Han et al. [9]. From this comparison it
can be stated that the method, the simplifications, as well as the boundary conditions used in this work are
enough to achieve the proposed objectives.

———Han etal-h —®—numerich —&—Han etal-Ap —&—numeric Ap
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Fig. 3. Validation of the coefficient of global heat transfer and pressure drop [11]

Data reduction

The Reynolds number was determined using the velocity in the minimum flow area un, while the
characteristic length is the hydraulic diameter of the channel Dy, equation 8

Re = puml:n Dh (8)
The heat transferred in the surface can be calculated with the temperature difference between the input and
output sections of the model (T -Tin), the mass flow m,, and the specific heat of air cy,, according to, equation
9:
Q= Mgy Cpa (Tour — Tin) 9)
When the fluid undergoes a phase change inside the tubes, it is common practice to consider a high value for
the internal heat transfer film coefficient. By assuming this, the overall coefficient will be obtained only
considering the transfer coefficient from the external part and the conduction inside the pipe wall. The
temperature of the internal wall of the tubes is considered constant and with the same value as the circulating
fluid. The heat transferred can also be calculated through the known equation that involves the logarithmic AT,
(LMTD), knowing the heat transfer area A;, and the global heat transfer coefficient h, equation 10:

Qn = nohA;FAT,, (10)
The correction factor of the LMTD, F, was considered null because one of the fluids has a constant
temperature. The global heat transfer coefficient is calculated considering the equations 10 and 11, then Q = Qy,

The efficiency of the fined surface no is a function of the heat transfer coefficient and is calculated as a
function of the fin efficiency n and the total heat transfer area A,.

Ar
no=1—A—0(1—n) (11)

The efficiency of the fin was determined following the Schmidt method [12], as many authors have did [13-
15].

The efficiency of the fin and the global coefficient of heat transfer have an implicit formulation therefore an
iterative process is needed. The conditions of the same heat in equations 10 and 11 must be satisfied. For a
fixed geometry there is only one pair of values of these magnitudes, fin efficiency and global heat transfer
coefficient, which fulfill this condition. Then the Colburn factor can be obtained knowing the Prandtl number and
the friction factor according to, equations 12 and 13:
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j= M pps (12)
Pm Cpa Umin
Ap (Amin )
_ 13
f O'S.Da urznin At ( )

Where Anin is the minimum flow area and A; is the heat transfer area.
As a method of comparison to determine how effective a geometry is, the criterion known as area goodness [16]
will be used, equation 14. That is simply to determine how much the Colburn factor (j) increases in relation to
the increase in the friction factor (f). Comparing the same relation but for the reference fin (see Fig. 5)
Jj/Jo
flfo

area goodness = (14)

Results and Discussion

Next, the results obtained by means of the procedures set forth above are discussed. The results will be
analyzed taking into account the behavior of the values of j and f, which are the indicators generally used to
characterize the thermo-hydraulic behavior of a heat exchange surface.lt is important to mention that the
Colburn factor (j) is a dimensionless representation of the heat transfer coefficient, it relates to the coefficient of
average heat transfer, the air thermal conductivity, the Prandtl number and velocity in the minimum flow area.
Similarlythe pressure drop is represented by the Darcy (f) friction factor.

From the results of the numerical simulations in CFD, the Colburn and friction factors are calculated
according to equations 12 and 13 respectively. Using the values of j and f determined above, a surrogate model
is made using a multiple regression technique, where the independent variables are the inlet velocity to the
model and the louver angle. The regression obtained must have a statistically significant relationship between
the variables with a confidence level greater than 95.0 %. Otherwise, we proceed to increase the number of
sample points that must be simulated using CFD.

Figure 4 shows the values of the Colburn factor (j) and the friction factor (f) as a function of the velocity inlet
into the model and the louver angle of the louvered fin.

A
' /’gjy /’ ’
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7,

Fig. 4. Colburn factor (left) and friction factor (right) as a function of inlet velocity and louver angle

It is appreciated that for eachlouver angles j is decreasing when the velocity increases, as it corresponds to
the heat exchangers.

One of the fundamental objectives of this type of research is achieving increments in the total heat
exchanged in the fins of a compact heat exchanger, without paying a high price in head losses. The iterative
process of multi-objective genetic algorithms achieves a better approach to this end. They obtain the set of
parameters that result in one or more models with a value of j higher than the reference, without significantly
increasing f. Based on the Pareto set, the genetic algorithms generate a random initial population, which is
subjected to crosses and mutations obeying the objective functions (j and f), previously determined. That is,
they maximize j while minimizing f. In this study, multiple regressions that respond to j and f are optimized
simultaneously.

In table 2, the values found by the Pareto set were shown for which the values of j were maximized while the
results of f were minimized. These were compared with a surface having elliptical tube but plate fin, as shown in
figure 5.
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Table 2: Result set product of the optimization by genetic algorithms

Model # | Ang(°) | Vel(m/s) j f
1 33,13 1,52 |0,0318]|0,0703
2 33,69 0,50 |0,0720(0,1570
3 28,93 1,09 [0,0405]0,0835
4 21,20 4,99 10,0143(0,0295
5 25,67 3,52 ]0,0197]0,0400
6 17,00 0,50 ]0,0581(0,1104
7 18,36 0,67 |0,0506 | 0,0955
8 17,30 0,61 |0,05240,0985
9 34,87 4,72 10,0178(0,0449
10 18,33 1,05 [0,0392]0,0728
11 21,01 4,37 10,0166 |0,0330
12 17,46 4,37 10,01530,0320

Fig. 5. Plate fin with elliptical tube

The relationship between the Colburn factor of each optimized model and the Colburn factor of a flat fin
operating at the same inlet velocity is shown below. This graphic is made to determine which is the model
increasing its heat transfer compare to the reference fin. The Model labeled 9, with alouver angle of 34,87 and
an approximate velocity inlet of 4,7 m/s, it presents the best results doubling the Colburn factor. Although as
shown in figure 6, the pressure drop increases more than 250 %, which would result in a model with a low
performance. This low performance is consistent with the low value of area goodness presented by Model 9 in
figure 7. This model, having a high louver angle, presents a greater redirection of the air flow that circulates
through the channel formed between two consecutive fins. This phenomenon achieves a higher mixing of fluid
with different temperatures and decreases the thickness of the thermal boundary layer developed in each
louver.

2,8 —
26 ® j/jo
2,4 m f/fo
2,2
2
1,8
16
1,2
: 4 Il il

f 2@ @5 % F & 9 10 it 13

Optimized models
Fig.6. Ratio between the Colburn factor and friction factor of each optimized model and the Colburn factor of a
flat fin operating at the same inlet velocities

The model with the least increase in pressure drop is the one with the smallest louver angle among the studied
ones,as happen withthe Model 6, which has a louver angle of 17° and a velocity inlet of 0,5 m/s. This behavior
was to be expected, since, being the louvers less confronted with the flow, they present less drag force and
therefore less pressure drop.

It is a known fact that louvered fins have a higher heat transfer than plate fins (reference fin). Figure 6 shown,
that all optimized models have a j/j, coefficient higher than one. This increase however comes coupled with an
increase in pressure drop, which generally is some percentages higher than the percentages of the heat
transfer increase. In this work as the result of optimization there were three models obtained, which met the
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goal of increasing the heat transfer without a significant increase in pressure drop. In figure 7 it is shown that the
models 4, 6 and 11 have area goodness values higher than one. It seems like the models with approximately
21° of louver inclination and velocities higher than 4,3 m/sare between the most effectives, according to the
performance enhancement criteria.

1,05
’
w
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o
T 09
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® 075 I I
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1 Bk 3% 4l 95 Ve 7 /8 9 40 A% 4D

Optimized models
Fig. 7. Area goodness for every optimized model

Conclusions

The multiobjective optimization method of using genetic algorithms demonstrated to be a useful technique in
these kind of researches. Three of the models in Pareto set, as a result of optimization, are showing area
goodness values higher than one. Some Models achieved to increase j up to 200 %, compared to a plate fin.
Finally, the objective of find the best combination between louver angles and velocity inlet was reached for 21°
louver angle value and velocity inlet over 4,3 m/s. That combination produces models having the optimal
thermo-hydraulics behavior.
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