GUFBD / GUJS (2022) 12(1): 176-186
DOI: 10.17714/gumusfenbil. 972068 Aragtirma Makalesi / Research Article

A numerical investigation of velocity and temperature distribution on a heat
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Abstract

The cooling of hot surfaces through drawing heat by means of fins attached to the surface is widely used technique in
many systems. The fins increase the heat transfer surface area, thereby improving the heat transfer. In this study, the
velocity and temperature distributions of the working fluid, air, flowing at constant temperature and constant Reynolds
numbers over the hexagonal fins, placed in a rectangular duct, having the same surface area and same arrangement but
facing at different angles to the flow plane; 0°, 15° and 30°, were analyzed numerically. Computational fluid dynamics
(CFD) analysis was carried out with Ansys Fluent. The results were obtained for pressure drop, temperature and velocity
distributions at all angles (0°, 15° and 30°). As a result of the analyses performed, 15° facing angle was concluded to be
the best by the virtue of the fact that the heat transfer coefficient was improved by the renewal of the boundary layer and
by the turbulence occurred between the fins.
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Isinan yiizeylere kanatgik ilavesi ile 1s1 gekilerek yiizeyin sogutulmasi iglemi bircok sistem icin yaygin olarak
kullanilmaktadr. Kanatgiklar 1s1 transfer yiizey alanlarini arttirarak is1 transferinin iyilesmesini saglanmaktadirlar. Bu
calismada, dikdértgen bir kanal igine ayni yiizey alanina sahip, ayni dizilimde 0°, 15° ve 30° farkli agilarla yerlestirilen
altigen seklindeki kanatgiklarin iizerinden sabit sicaklik ve sabit Reynolds sayilarinda akan i akigkani havanin hiz ve
sicaklik dagilimlar: Ansys Fluent paket programi kullanilarak numerik olarak analiz edilmistir. Yapilan analizler 15°
dizileme sahip kanatciklarda, sinir tabakanin yenilenmesinden ve kanatgiklar arasinda olusan tirbiilanstan dolay: 1si
transfer katsayisinin iyilestigi sonucuna varinmistir. Hesaplamalr akiskanlar dinamigi (CFD) analizi, Ansys Fluent paket
program ile gerceklestirilmistir. Calismadan elde edilen sonuglarda tiim kanatgik agilarinda (0°,15° ve 30°) basing
diisiimii, sicaklik ve hiz dagilimlary gosterilmistir.
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1. Introduction
1. Giris

In studies to improve heat transfer in heat
exchangers; it is desirable to reduce weight and
size, while increasing the amount of heat
transferred, and decreasing the average
temperature difference between fluids, and thus
improve overall efficiency. Improving heat transfer
usually includes techniques such as increasing the
surface area, making changes on the surface or
creating turbulence in the flow (Sundén, 1999).

Heat transfer is of great importance in the design of
various engineering systems such as heat
exchangers, boilers, nuclear reactors, solar
collectors, heaters, coolers, internal combustion
engines, thermal turbo engines, gas turbines,
combustion chambers, electrical machines,
transformers, etc. In such systems, the main
concern is to maximize the heat transfer per unit
time and to protect the structural integrity and
strength of materials exposed to high temperatures.
In parallel to the studies conducted to overcome or
alleviate such concerns, the need for heat
exchangers with reduced sizes is also increasing
day by day (Kotcioglu and Bolukbasi, 2003).

One modern solution, being widely applied, to
overcome cooling problems is to increase the heat
transfer surface area by means of fins. Fins increase
the convective heat and mass transfer by not only
by increasing the surface area but also by
increasing the turbulence of the flow. Finned
surfaces have a wide range of applications,
including but not limited to cooling of turbine
blades in gas turbine engines, cooling of electronic
devices, or in various heat exchangers in aircrafts
or chemical production facilities. However,
improper use of fins can reduce heat transfer rather
than increase it. For this reason, the fin material,
type, placement arrangement, form of surface-
mounting and ambient conditions should all be
considered and evaluated in a way to increase heat
transfer. In the heat exchangers, the decrease in the
amount of heat transferred causes the performance
of the heat exchanger to decrease and hence a
capacity loss in the system it is being used.
Improved heat transfer, enables the system size to
be kept at optimum and thus allows reduced system
cost and operating costs. Many theoretical and
experimental studies conducted aiming to analyze
heat transfer and flow structures in plate heat
exchangers are available in the literature.

Various heat exchanger models have been
developed. In order to develop such optimized
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designs, it is necessary to determine the heat
transfer coefficient and flow properties of the
surface geometry as well as the pressure loss
coefficient. Another method to improve heat
transfer is to renew the boundary layer, which has
been reported in previous studies (Briggs and
London, 1960; Kays and London, 1954). On
natural convection, analytical and experimental
studies have been carried out between parallel
plates (Briggs and London, 1960; Kays and
London, 1954; Kotcioglu and Bolukbasi, 2003;
Masao et al., 1988; Maughan and Incropera, 1991).
In industrial applications, expanded surfaces and
heat exchanger applications have become
increasingly important. heat transfer experiments
at low Reynolds numbers via forced convection
have been performed in such applications (Masao
et al., 1988).

Tauscher and Mayinger (1999) investigated
experimentally and numerically, the increase in the
heat transfer in tablet-type heat exchangers for
laminar and low turbulent flow rates induced by
using fins in different arrangements (Tauscher and
Mayinger, 1999). Using a CFD model, Lee and
Abdel-Moneim (2001) investigated the heat
transfer and flow behavior on the horizontal
surface with two-dimensional flat bars (Lee and
Abdel-Moneim, 2001). Acharya et al. (1993)
investigated experimentally and numerically the
flow and heat transfer in a channel with pins fins
for a periodically developing flow field (Acharya
et al., 1993). Buyruk and Karabulut (2017)
conducted a numerical three dimensional
investigation of the effect of fin geometry on heat
transfer in plate fin heat exchangers (Buyruk and
Karabulut, 2017). Karabulut et al. (2013) in another
study, numerically investigated the effects of two
different fin types (zigzag and outer zigzag-
straight-outer zigzag) on heat transfer with the
combined (convection and conduction) heat
transfer approach to increase heat transfer in finned
plate heat exchangers (Karabulut et al., 2013).

In another study, the heat transfer in interconnected
finned elements was shown to be greater than it is
in detached elements and results from similar
studies were presented. (Masao et al., 1988; Russell
and Lee, 2005). These types of flow geometries are
widely used in industrial applications and computer
technology. Studies have shown that expanded
surfaces are an effective method of increasing heat
transfer. As a result of similar studies, by Mendes
and Sparrow (1984), Garg and Maji (1988) and
Kotcioglu and Ayhan (1998), it was concluded that
such applications increase heat transfer.(Garg and
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Maji, 1988; Kotgioglu et al., 1998; Souza Mendes
and Sparrow, 1984).

Wang et al. (2009) analyzed flow and heat transfer
characteristics for flat and serrated finned plate
heat exchangers. Numerical simulations for two-fin
heat exchangers at low Reynolds numbers were
performed using CFD code, FLUENT (Wang et al.,
2009). Wen et al (2016; 2018) carried out
optimization of a serrated fin plate heat exchanger
using Kriging the surface method (Wen et al.,
2018; Wen et al., 2016).

Mesler (1993), in this study, in the spray cooling of
a heated surface, a new method for determining and
designating the surface texture was proposed, and
the effects of surface roughness on
evaporation/nucleation in the spray cooling flow
field were studied. Moreover, A one-dimensional
Fourier analysis had applied to determine
experimentally the surface profile of a surface
polished with emery paper covering a spectrum of
grit sizes between 0.3 micron to 22 microns
(Mesler, 1993).

Hung et al. (2019), examined the effects of
different size and arrangement of pin fins on heat
transfer in a rotating rectangular duct. The results
revealed awakening flow which contributes to flow
acceleration, separation, and heat transfer contours.
The larger the pins become higher local flow rates
and higher heat transfer between the fins occurred.
The rotational effect of the channel improved heat
transfer on both the front and back surfaces. When
larger sized pins were added to the fin array, the
friction factor ratio increased (Hung et al., 2019).

Soleymani et al., (2020), conducted in their study a
numerical analysis of pin fins for the hot zone in a
microchannel heat sink. The numerical results
showed that increasing the wall wave amplitude
increases the heat transfer rate (Soleymani et al.,
2020).

Ahmadian-Elmi et al. (2021), in their study,
performed a comprehensive optimization of pin-fin
heat sinks in five stages to find the best
hydrothermal performance according to the figure
of merit criterion. Features such as number of
blades, blade height, blade diameter and transverse
pitch were chosen as geometric parameters. In
addition, a new pin-fin was designed (conical pin-
fins) and its geometric parameter (conical ratio)
was optimized (Ahmadian-Elmi et al., 2021).

Adhikari et al. (2020) presented an analysis of heat
transfer properties in natural convection and flow
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patterns of optimum rectangular fin configurations
for fin design optimization. They also performed
three-dimensional, steady-state laminar heat
transfer simulations to analyze the optimum fins of
rectangular fins that were experimentally tested in
the literature (Adhikari et al., 2020).

When the above studies are examined, it can
clearly be seen that all focus on the effects of the
geometry and the structure of fins on heat transfer
in heat exchangers, either experimentally and/or
numerically. In these studies, limited changes were
taken into consideration and the effects of those
changes on thermal performance were investigated.
In this study also, geometric parameters are
discussed in order to examine the effect fins,
having the same surface area and shape, on thermal
performance. The limitations caused by the change
in the arrangement of fins between each other were
determined and the effects thereof on the thermal
performance and hydrodynamic behavior were
examined. In a heat exchanger model having
hexagonal fins placed at different facing angles,
under turbulent flow and certain boundary
conditions, the effects of facing angle on heat
transfer, pressure drop and flow velocity were
investigated using the Finite Volume Method and
ANSYS Fluent software. According to the heat
transfer values calculated based on the exit air
temperature and convection coefficient found
determined in the analysis, the best facing angle is
proposed.

2. Material and method
2. Materyal ve metot

2.1. Numerical method
2.1. Niimerik Metot

Numerical solution has been carried out as three-
dimensional, time-independent, and  with
combined (conduction and convection) heat
transfer approach. Finite volume method, in
FLUENT, was used to solve the combined heat
transfer analysis.

The finite volume method is based on the principle
of dividing the geometry to be analyzed into
portions, obtaining a solution for each of which,
and then acquiring the general solution of the
problem by combining these partial solutions. In
the finite volume method, a control volume-based
technique is used to transform the conservation
equations into numerically solvable algebraic
equation systems. This technique involves
integrating the conservation equations for each
control volume, resulting in discrete equations that
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provides the control volume for the variables. With turbulence model was used in the calculations in
the iterative solution of systems of linear equations, this study.

obtained by linearization of discrete equations,

variables such as velocity, pressure and The analyses of flow and heat transfer across the
temperature are updated until they prove the given whole geometry is based on the time independent
convergence measure. In order to provide the most solution of partial differential equations derived
suitable mesh structure, a higher mesh density from the laws of conservation of mass (continuity
should be created in regions with greater changes equation), momentum and energy, which can be
in velocity, pressure or temperature. For this written as follows, respectively (Mesler, 1993).
reason, the duct surfaces with the fins are the parts

with the highest mesh density, and a lighter mesh Continuity equation:

structure is preferable in other regions. V.(pV)=0 (H
As the fins used in the flow region cause Momentum Equation:

turbulence, realizable k-g¢ turbulence model was

determined to be appropriate in numerical models V.(pVV) = =VP + V. [u(VV + VV')] 2)

for finned geometries. Therefore, Realizable k-¢

Energy conservation equation'
2
u—x+v—+w— (—)(ax2 u7+u— 3)

The turbulence kinetic energy equation for steady flow is written as follows:

d(puk) |, 0(pvk) , 0(pwk) _ ue 0k i &6_]{ 0 (u¢ 0k

ox + ady + 9z  ox (O'k 6x) + dy (O'k 6y) oz 0z (ak 62) He® — P (4)
and the turbulent viscosity is given in equation 5: Figure 1 shows the schematic view and dimensions
fe = Cy. p_k?z (5) of the model that was used in the analysis. The

height, width and length of the rectangular duct is

8 cm, 12 cm and 95 cm, respectively.
In the turbulence kinetic energy equation, k is: pectively

k= %(uz +v2+w?) (6) In Figure 2 are the three arrangements of the
twenty-five identical hexagonal fins placed in the

The viscous dissipation term is also given as in channel at different facing angles. In the
equation 7 below: computation, the working fluid was selected to be
air and was modeled as a Newtonian fluid. Flow

[( )2 (3_1’)2] (5_1’ + a_u)z 7 was regarded as incompressible and the flow was

assumed to be laminar due to the low inlet velocity.
Besides, the radiative heat transfer and effect of

Since the thermal conductivity of the fin material gravity were neglected in this study. The channel
affects the thermal distribution along the channel, material was chosen as aluminum, and the effects
the selection of the fin material is an important of surface roughness were ignored. It was also
factor in increasing the heat transfer. Therefore, assumed that the inlet temperature of the fluid in
aluminum, which has high thermal conductivity, is the channel was assumed to be constant at 19 °C
cheap and light, has been chosen as the fin material. and that the temperature of the bottom plate was
The thermal resistance between the fins and constant at 40 °C. By applying constant heat flux
channel surface was neglected assuming that the to bottom wall, heat transfer took place from the
fins were produced as a one piece with channel. bottom wall to the air passing by. The velocity of

air entering the channel was determined as constant
2.2. Geometry at 2 m/s in the numerical study, and its thermo-
2.2. Geometri physical properties for Tiec = 19 °C were obtained

as given below in Table 1. Here, p is the dynamic
In this study, the heat transfer in a rectangular duct viscosity, p is the density, ¢, is the specific heat and
with twenty-five hexagonal fins in the case of an k is the thermal conductivity.

air flow at 19 °C was numerically investigated.
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Figure 1. Designed model
Sekil 1. Tasarlanan model

00000 008080
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00000 20000

0°) (15°) (30°)

0e

Figure 2. Arrangement of hexagonal fins at different facing angles
Sekil 2. Farkl: yiizey agilarinda altigen kanatgilarin yerlestirilmesi

Tablel. Thermo-physical properties for inlet air 2.3. Meshing and mesh validation

(Tine@19°C) 2.3. Mesh ve mesh dogrulama

Tablo 1. Giris havasimin termo-fiziksel ézellikleri

(Tinted@19°C) For the computational fluid dynamics (CFD) part

of the study, ANSYS Workbench-16 (Fluent)

p (kg/ms) 1.7894 x 10°° software was used as solver. ANSYS (Fluent) is a
k (W/mK) 0.0242 package program that can solve problems such as
¢, (J/kgK) 1006.44 external pressures and forces, constant inertia
p (kg/m?) 1.225 forces, displacements based on heat transfer. This

program is also used for the structural computation
part. Various element types are used in static
structural analysis. In this study, hybrid mesh

180



Oner / GUFBD / GUJS 12(1) (2022) 176-186

generation was preferred in order for the prism
layer in the hybrid network to solve the boundary
layer efficiently. In short, in the finite element
method, the element to be analyzed is divided into
small sub-elements in order to obtain a solution.

Figure 3. Meshing of model
Sekil 3. Modelin meshlenmesi

In this study, as seen in the images of the mesh
model in figure 3, after the mesh was generated
using finite elements method and compiled, the
function in the interpreted code or shared library

Patch Independent Mesh method for Tetrahedrons
allows for mesh refinement when necessary,
however it can also preserve larger elements that
enables faster computation.

that appeared in the drop-down lists in the dialog
boxes was applied on the CFD model.

Mesh Validation

320

310
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Temperature (K)

290

280

Outlet Temperature
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Fins Temperature

15 20

Mesh Value (e”6)

Figure 4. Mesh Validation Diagram according to exit temperature and fin temperature
Sekil 4. Cikis sicakligina ve kanat sicakligina gore mesh dogrulama semast

Figure 4 shows the dispersion of exit and fin
temperatures. The best mesh count, i.e. the number
of elements, flattens after about 10 million nodes.
In this study, the calculations started approximately
at 11.268.753 number of elements. The modeling
and solution network was created in the ANSYS
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Workbench interface while the boundary
conditions the solutions of conservation equations
were carried out in the Fluent interface. A solution
network, in tetrahedral and hexahedral network
structure, of the rectangular channel model was
created.
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3. Results and discussion
3. Sonuclar ve tartisma

Y=0.08 m

Y=0.06 m

Y=0.04 m/

Y=0.02m

Figure 5. Analysis lines in the middle and along the channel
Sekil 5. Ortada ve kanal boyunca analiz ¢izgileri

Figure 5 shows the imaginary lines that passes which the change of velocity and temperature were
across the control volume and the channel along analyzed.
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Figure 6. (a) Velocity distribution units (b) Dominant velocity lines (c) Velocity values on different

lines in the channel
Sekil 6. (a) Hiz dagilim birimleri (b) Baskin hiz ¢izgileri (c) Kanaldaki farkl hatlardaki hiz degerleri

182



Oner / GUFBD / GUJS 12(1) (2022) 176-186

Figure 6 (a) shows velocity distributions for
hexagonal fins placed at different facing angles.
According to these distributions, the air flowing
from the bottom towards the top hits the flat surface
of the hexagonal fin aligned at 0° to the cross-
sectional plane of the channel, thus partially
subjected to turbulence and leaves the finned
section of the channel by accelerating on the fin and
the channel surface. It can be said that at 0° the
velocity is partially increased on the inter-fins
zone. When the hexagonal fins were rotated by 15°,
this angular rotation increased the velocity profile
both longitudinally within the fins and along the
channel surface. With 30 ° rotation, the corners of
the hexagonal fins became perpendicular to the
flow direction, it is seen that the air velocity
increased longitudinally between the fins and the
turbulence decreased. In addition, it is noteworthy
that the regions where the air velocity slowed down
is greater in this arrangement.

When the dominant velocity lines in Figure 6 (b)
are examined; in the 0° facing arrangement, it is
seen that the velocity between the fins drops
drastically, and the wvelocity lines progress
chaotically in a random manner beyond the last row
of fins. In the 30 ° facing arrangement, it is seen
that the longitudinal velocity between the fins
increase, and the velocity vortices are formed
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behind the fins. Finally, in the 15° facing
arrangement, both between the fins and behind the
last row of fins, the velocity increases and flow
becomes turbulent.

Seen in Figure 6 (¢) is the variation of velocities
along the assumed axes (0.02 m, 0.04 m, 0.06 m
and 0.08 m) that pass across the fins in the z-axis
for each of the three fin arrangements (0 °, 15 °,
30 °). In the graphics, the working fluid, air, at
19 °C enters the channel from the right hand side
and leaves the duct from the left hand side by
sweeping the fins. In (a) showing the 0 ° facing
position, along all the axes on the graph, it is seen
that the velocity lines are irregular at both the
entrance and exit of the fins. It can be said that
among all wvelocity lines, only the velocity
measured along 0.08 m increased at the exit zone
but it decreased along all other lines. In (b) showing
the 15 © facing position, it is seen that the velocity
lines are stable along all axis lines, both at the
entrance and at the exit. The value of velocity lines
at the exit is slightly higher than that at the
entrance. Finally, in (c¢) showing the 30 ° facing
position, it is seen that the value of the velocity
lines at the exit is less than the value of the velocity
lines at the entrance and there is an unstable
velocity distribution.

150

Y=006m —T=008n e V0 m e TR0 m oo 0d m =Tl O

Figure 7. (a) Temperature distribution contours in the fin zone (b) Temperature values on different lines

in the channel

Sekil 7. (a) Kanat bolgesindeki sicaklik dagilim konturlari (b) Kanalda farkh hatlardaki sicaklik

degerleri
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Temperature distribution in the fin zone is shown
in Figure 7 (a). It will be more useful to evaluate
the distribution here in two sections: between the
fins and beyond the fins. Temperature between the
fins remain low until the 3rd row in the 0 ° position,
and in the 4th and 5th rows, temperature build-up
is observed in the upper parts of the hexagonal fins.
In this arrangement, it can be said that the
temperature increases at the back of the fins and
leave the zone. As for the 15 ° arrangement,
temperatures increase between the fins starting
from the 1st row, and temperature build-up occurs
in some of the fins in the 3rd, 4th and 5th rows. It
was observed that the temperature of the working
fluid, air, increased at the exit of the fin zone and
thus left that section and that the temperature
distribution was relatively homogeneous. In the
30 ° facing arrangement, the temperature between
the fins gradually increases from the 1st row to the
5th row, and that there is a temperature build-up at
the back of the fins in the 3rd and 4th rows. At the
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exit of the fin zone, the temperature is seen to have
increased only in the alignments of the fins, and
thus left the zone, while the other zones remain
relatively cool.

Figure 7 (b) shows temperature distributions along
different lines at the channel inlet, across the fins
and at the channel outlet. The working fluid enters
the duct from the right hand side at 19 ° C, sweeps
the fins and leaves the duct from the left hand side.
When the temperature distributions across the
hexagonal fins at 0 ° and 30 ° arrangements are
examined; the temperature is seen as stable both at
the channel entrance and at the exit, at all axes,
except for a gradual increase in the temperature
distribution on the fins for 0.08 m axis. Likewise,
when the temperature distribution of the hexagonal
fins with 15 ° facing arrangement is examined; it is
seen that velocity distributions are stable both at the
channel entrance, across the fins and at the channel
exit.

() Degree

15 Depree

HLIAN
—

30 Degree

Figure 8. Temperature distribution inside the channel and across the fins
Sekil 8. Kanal iginde ve kanatciklar boyunca sicaklik dagilimi

Figure 8 shows the temperature distribution both
inside the channel and across the fins. When
examined; it is seen in the figure that the
temperature distribution across the fins is best in
the cases of 0 © and 15 ° facing positions, while the
temperatures of the fins are higher in the 30 °
position, where there has not been enough heat
dissipation.  Considering  the  temperature
distribution along the channel, it can be clearly said
that the arrangement in the case of which air leaves
the channel at the highest temperature and
homogeneously is the 15 © one. In the cases of 0 °
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and 30 ° facing positions, the working fluid, air,
could not absorb enough heat through the fins and
hence could not perform a good cooling.

4. Conclusion
4. Sonuclar

According to the results of the numerical analysis
carried out on the same array of hexagonal fins
having the same alignment but with different
facing angles:
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e due to that there is more turbulence and
vortices between the hexagonal fins placed at
15 ° facing angle, the velocity profile is higher
for the same heat transfer surface area, and
therefore the pumping power could decrease
further.

e when the heat distribution along the entire
channel is examined; the temperatures were
high through the end of the channel, which
means that more heat was drawn when fins are
positioned in at 15 °.

e In the case of 0 ° arrangement, temperature
build-up was observed just at back end of the
fins and the desired level of heat dissipation
could not be achieved.

e For future studies, it is evaluated that
performing experimental and numerical
analyzes with fins rotated by 15 ° on different
fin arrays and geometries could yield better
results in terms of heat transfer and pumping
power.

The results of this study are in agreement with
Soleymani et al (2020), and the design and
direction of the fins causes turbulence at the outlet
and improves the temperature distribution, hence
the heat transfer.
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