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HIGHLIGHTS

> The influence of the winglet, heat transfer, and pressure drop on the vortex flow to create a vortex in a stream of air that
sent to a fixed channel through a fan.

> The increases in heat transfer of the winglet types have been examined and discussed.
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Received :10.08.2018 In this experimental study, we investigated the influence of the winglet, heat transfer, and

Accepted  :10.24.2018 pressure drop on the vortex flow to create a vortex in a stream of air that sent to a fixed

Published :12.15.2018 channel through a fan. Three parameters were determined as the winglet parameters: angle,
height of the winglet, and arrangement in the channel of the winglet. The three winglet placed

Keywords: in the channel have the same angle and the same base height. Its experimental set-up was

Heat transfer, applied for four different Reynolds numbers. The Nusselt number obtained from the smooth

Vortex generator, . - . .

Winglet ch_annel was compargd Wlf[h the cor_relatlons in the literature. Heat 'Eransfer results were qb—
tained using thermal imaging technique. The heat transfer data obtained for all the specified
test cases were compared with the empty channel data. While comparing the Nusselt numbers
and thermal camera images obtained from the experiments, the increases in heat transfer of
the winglet types have been examined and discussed.
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is not removed, the system may cause overheating problems
and damage to the system. In recent years, the studies in the
field of cooling of electronic devices, automotive and space

1. Introduction

Nowadays, the increasing heat transfer enhancement and
therefore consequently the saving material and energy saving
have gained importance. The heat transfer enhancement in
industrial flow systems is a phenomenon that needs to be
continuously developed. In many engineering applications,
heat is generated by the operation of the system. If the heat

vehicles, nuclear reactors and heat exchangers have gained
speed. Moreover, the gas turbines also have the same situa-
tion. In order to increase the thermal efficiency of the gas
turbines, it is desirable that the gas temperature at the inlet is
to be high. However, in order to overcome with the super-
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heat fluxes and thermal stresses caused by hot gas, the heat
must be effectively removed from the winglet, so that the su-
perheating does not shorten its service life. The cooling pro-
cess is primarily carried out in two ways, namely liquid and
gas cooling. In liquid cooling, high thermal conductivity is
preferred in industry due to high specific heat capacities.

Hemmat Esfe et al. (2015), in their numerical study, quanti-
tatively examined the heat transfer and friction factor
changes due to different parameters such as obstacle se-
quence and obstacle geometries by passing the fluid through
the channel. Depending on flow and geometry, heat transfer
and friction characteristics were developed using finite vol-
umes and SIMPLE algorithm to develop temperature de-
pendent and temperature independent correlations. The data
show that the obstacles used increase the Nusselt number by
10% less than the average Nusselt number [1].

Tanda (2011) examined the effect of obstacle intervals on
heat transfer and thermal efficiency at the 9000-35500 Reyn-
olds values by placing obstacles at an angle of 45° into the
rectangular channel. At the end of the study, the best perfor-
mance was obtained for p /e =13.3 [2].

Alamgholilou and Esmaeilzadeh (2012) investigated the ef-
fect of heat transfer under laminar flow (500-2000) and tur-
bulent flow (2000-4500) by placing obstacles sequentially
into the rectangular section channel. In this study, hydrody-
namic and thermal behaviors of the flow were investigated
by passive, active and compound methods. They made meas-
urements according to the ratio of the gap between obstacles
(S) to the height of the obstacle. The best thermal perfor-
mance was measured as 6% - 13% in the study using the pas-
sive method under high Reynolds numbers [3].

Chatterjee (2012) examined the effect of the vortex factor
behind the obstacles on the thermal surfaces by using square
and cylinder obstacles in the channel at very low Reynolds
numbers (10-40). The different characteristics of the flow
area have been measured according to the Reynolds number,
the shape of the barrier and the blockage parameter. In the
numerical study performed, the aim is to estimate the critical
value of the thermal flow parameter (Richardson number) for
the beginning of vortex formation [4].

Agrawal et al. (2015) examined the transfer of heat transfer
by placing obstacles on the channel wall. They have made
measurements of the unhindered and disability of the wall
surface in different regions of the channel with the help of
laser. According to the results, the efficiency of the heat
transfer on the wall surface which is obstructed was found to
be higher than the measured temperature values on the flat
wall surface by 4% and 7%. As a result of the experimental
study, they determined that there was a decrease in heat
transfer in areas where obstacles were close to the base [5].

Dogan et al. (2006) investigated the effect of heat transfer on
the upper and lower surfaces of the channel. In the experi-
mental study, various Reynolds and Grashof numbers and
AR = 2,4,10 were used parametrically. Measurements mean
surface temperature and distribution of Nusselt numbers
were obtained and the effects of Reynolds and Grashof num-
bers were evaluated. As a result of the experimental study, it
was determined that the increase in the number of Grashof

increased thermal efficiency. When the results were synthe-
sized according to the AR ratios, the upper heater determined
that the average surface temperatures were higher than the
average surface temperature of the lower heaters in the case
of AR = 2. It was observed that Nusselt number had a posi-
tive effect on heat transfer development for Reynolds num-
bers [6].

Gul et al. (2006) examined the effect of a square cross-sec-
tion obstacle placed on the channel base perpendicular to the
flow in a rectangular cross-section and placed on the heat
transfer. Reynolds number between 3000 and 15000, hori-
zontal and vertical direction of the position of the change of
the obstacle and heat transfer on the size of the effective and
maximum heat transfer is provided to obtain the optimum
parameters. As a result of the study, they achieved a 142%
improvement in heat transfer, but they determined that there
was a 200% increase in friction losses [7].

Meinders and Hanjalic (2002) examined the effect of the heat
transfer of the position of the obstacles in the channel with
turbulent flow conditions. In this study, local heat transfer
has been found to be significantly changed according to the
arrangement and location of the placed obstacles. According
to the obtained data, the heat transfer coefficient obtained for
the obstacles placed in the channel was determined to be in-
dependent from the location where the obstacle was placed

[8].

Kivileim (2007) experimentally examined the effect of non-
circular rotational barriers which are positioned perpendicu-
lar to the flow in a horizontal rectangular channel. Reynolds
number is examined in the 3000-15000 range, square and cir-
cular cross-section in two different geometries and each of
three different sizes of the selected obstacle in the horizontal
and vertical direction in nine different locations by changing
each obstacle in both fixed and rotating experiments have
done. As a result of the measurements, it was found that the
square section barrier provided a better heat transfer than the
circular cross-section barrier. In addition, the increase in the
size of the obstacle increased in direct proportion to heat
transfer [9].

Xie et al. (2014) examined the effects of rib cross-sections
on heat transfer and their cooling performances using the
Fluent program. In their study, they used obstacles with six
different internal cross-sections and positioned these obsta-
cles at the center of the channel at 45, 90 and 135°. In their
investigation, they took the Reynolds number between
10000 and 50000. The highest heat performance is provided
in the case where the mid-section is positioned at 135°. In
addition, it was found that better heat transfer was achieved
in cases where Reynolds number is high [10].

Anghel and Anglart (2012) examined the effect of heat trans-
fer on experimentally by passing high pressure water through
the system by using various obstacles in vertical pipes. In
their work, they used five different experimental systems. In
the first case, 2 mm circular cross-section obstacle, in the
second case circular cross-sectional obstacle and rectangular
cross-section obstacle in the other case with caged structure
barriers were placed experimental measurements were made.
Measurements were made with 88 thermocouples connected
to the system. As a result of the investigations, it was ob-
served that the obstacles used in the pipes greatly affected
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the flow. Improvement of critical heat flux is achieved be-
tween 6% and 17% in cases where the cylindrical and truss-
section barrier is used [11].

Frohlich et al. (1988) in their numerical study, the effect of
heat transfer on a circular cross-section with a rectangular
section perpendicular to the flow was investigated using the
LES method. The Reynolds number was 3900 and 140000.
They compared their measurements with the values found in
different studies in previous studies [12].

Bhadouriya et al. (2015) examined the effects of air flow on
the heat transfer and friction factor in the bent square section
duct in their numerical study. The experiments were carried
out with air between 11 and 16.5 values and the Reynolds
number between 600 and 70000. As a result of the studies,
better heat transfer and pressure drop were obtained in the
channel having a value of 11.5 bends compared to the flat
square channel. The results obtained were stated to help
compact heat exchanger designs.

Ahmed et al. (2015), in their numerical and experimental
study, using heat exchanger and fluid properties in equilat-
eral triangular channels using combined vortex producers
and nano fluids. They suspended two different nano fluids in
water and passed through the channel. As a result of the ex-
perimental and numerical studies performed, it was observed
that the use of vortex producers in the channel with the base
fluid had a positive effect on heat transfer and thermal effi-
ciency. As a result of the measurements, it has been observed
that the reduction in pressure can be achieved by using com-
pound vortex manufacturers [14].

Gutierrez et al. (2015) examined the effect of different ge-
ometries in parallel with rectangular cross-section on ob-
structions, block heaters and curvilinear current limiters and
examined the effect of heat transfer on experimentally and
numerically. In the study, the purpose of the deflators is to
increase the heat movement within the channel and to change
the flow between the blocks. The general aim of the study is
to determine the effect of parameters such as obstacle geom-
etry, deflector position, channel height and deflector radius
for minimum pressure drop and maximum heat transfer. As
a result of the studies, it was found that different geometric
factors were a strong factor on heat transfer. The best thermal
efficiency was measured in the case of a single deflector
[15].

Gul and Evin (2006), in their experimental study, examined
the effect of section change on flow characteristics. In their
study, they observed the distribution of horizontal and verti-
cal velocities by performing a section change along the 300
mm channel. They determined the cross section ratio of the
channel by the channel axes of the upper and lower edges of
the channel and the side edges of the channel as 4° to 5°,
respectively. Reynolds humber in the range of 12000-50000.
As a result of the study, due to the increase in the area along
the axis in the channel, the decreases in speed as the fluid
progresses in the channel are clearly seen. It was determined
that the cross-sectional area was effective on the velocity dis-
tribution of the flow [16].

Chang et al. (2010) investigated the effect of the walls on the
heat transfer by using rough and dimpled hexagonal chan-
nels. They used 4 different pin-fin geometries and the Reyn-
olds number in the range of 900-30000. The best re

sult was the convex-concave wall channel [17].

Chaitanya and Dhiman (2012) examined the effect of heat
transfer and friction factor by solving two momentum and
energy equations by placing two obstacles in circular cross-
section. They then analyzed the same situations in the AN-
SYS Fluent program. The Reynolds number was determined
as 1-40, Prandtl number was 50 and T / D ratios were deter-
mined as 1.5-4.0. In the light of the data obtained, it was de-
termined that the average Nusselt number increased by in-
creasing the T / D ratio. The best thermal efficiency and low
coefficient of friction were 42% for the parameters Re = 40
and T/D=1.5[18].

Chen et al. (2015) examined a change in the heat flow and
vortex formation on the cylinder by passive flow control
method by placing a pipe with a circular cross section
through which holes were drilled into a wind tunnel. In their
study, Reynolds number was 41600 and circular obstacle
size was 70 mm, outer diameter was 78 mm and thickness
was 30 mm. On the circular obstacle, they opened channels
on 24 pieces of 15x4 mm. They made their measurements
according to different X / D ratios. As a result of the investi-
gations, using passive jet control method, they achieved im-
provement of 33.7% and 90.6% in the flow [19].

Evin and Tanyildiz1 (2006), in their experimental study,
studied the effects of circular barriers of different diameters
placed in a direction perpendicular to the flow to the upper
flow region in a partially heated rectangular channel. De-
pending on the measurements made, it was observed that the
average Nusselt numbers reached the maximum values at
certain distances from the obstacle, horizontal and vertical.
It is determined that the data obtained in the channels that are
used in obstacles are higher than the values obtained in the
empty channel. In comparison to the unobstructed situation,
1.35 times the barrier with 0.03 m diameter and 1.2 times
higher heat transfer with 0.02 m diameter obstacle has been
obtained [20].

Selimefendigil and Oztop (2014) examined the effect of a
rotating obstacle placed on the heat transfer in the channel
with the numerical study. They placed a magnetic system on
the bottom surface of the channel and created a magnetic ef-
fect on the barrier. In their study, they took Reynolds number
between 10 and 200 and obstacle rotation angle between -75
and 75 degrees. In the light of the data obtained from the
study, it was determined that the number of local Nusselt
numbers increased by decreasing the magnetic effect and in-
creasing the Reynolds number [21].

Barik et al. (2015) examined the hydrodynamic changes and
thermal changes in the rectangular duct with small cross-sec-
tions with different protruding surfaces. They used three dif-
ferent protruding surfaces, rectangular, triangular and trape-
zoidal. According to the data obtained, more heat transfer
and development rate is obtained compared to the data ob-
tained with triangular protruding channel compared to the
other projection geometries [22].

Hussam et al. (2015) investigated the flow of heat by placing
circular obstacles in a rectangular channel. They considered
different Reynolds numbers and the height of the barrier
from the base of the channel. They determined G / D ratios
as 4.5, 2.25,1.13, 0.75, 0.38 and 0.19. As a result of the in-
vestigations, it has been observed that the distance of the ob-
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stacle from the base surface changes greatly the thermal ef-
ficiency and flow. A 48% improvement in heat transfer was
detected when the circular obstacle was placed in the center
of the channel [23].

Baytag et al. (2011), in their experimental study, they put a
square, square and 45° rotated square barriers into a channel
with rectangular cross-section and examined the effects on
the heat transfer by creating porous ambient conditions. For
these three cases, velocity distributions, interface and Darcy
velocities in the channel section were determined experimen-
tally. According to the data obtained from the study, it was
found that the maximum speed was the square obstacle. The
lowest maximum velocity was found to occur in the case of
using square obstacles rotated 45° [24].

Ling et al. (1994) investigated the heat transfer and pressure

drop experimentally in a square sectioned channel with fixed
surface temperatures, obstacles on the lower and upper sur-
faces with cross-section triangular triangles. found that the
heat transfer in the channel using triangular cross-sections
with obstacle heights and steps at different Re numbers in-
creased by 1/2.3 according to the heat transfer in the smooth
surface channel, whereas in the pressure drop there was an
increase by 1/10 [25].

Huq and Aziz-ul Huqg (1998), uniform turbulent flow in a
diffuser pipe on the inner surface of the peripheral axial heat
transfer characteristics experimentally examined eight as in
the studies that have heat transfer coefficient based on wing-
less pipe flow committed to increasing at a rate of 97-112%.

2. Material and Method

The experimental apparatus used in this study is shown in
detail in Figure 1. In this system, fan, air inlet section, flow
regulator, thermal camera and flow rate, pressure difference
and temperature measuring devices are available. The air
flows through the test section of the duct by a fan of variable
speed. The total length of the channel is 2500 mm. All chan-
nels used in the experimental study are made of 5 mm thick
Plexiglas material.

6. Fan

7. Anemometer

8. DC power supply
9. Micro-manometer
10. Computer

1. Flow direction

2. Test section

3. Thermal camera
4. Pressure probes

5. Fan speed adjuster

Figure 1 Overview of experimental layout

The heater plate is 277 mm length and 100 mm width. The
heater surface used in the experiments is made of stainless

steel foil and is properly stretched between the two copper
plates. To create a continuously heated flow surface, the foil
is heated by using a DC power supply. Thermal images are
obtained with a thermal camera positioned vertically under
the heater. The mean heat transfer coefficient in the stainless
steel foil surface was measured for variable air flow rates in-
side the duct.

2.1. Test section

Stainless steel foil has been used as internal heating surface
to provide constant heat flux on the surface, as seen in Figure
2. The lower surface of the 0.02 mm thick stainless steel foil
is coated with 0.01 mm thick black paint layer to calculate
the losses that will occur with radiation on the heating sur-
face (stainless steel foil). In this experimental study, the
emissivity values for painted and unpainted surfaces were
0.82 and 0.13, respectively, because the same properties
were used as foil. As a result of the research, 0.02 mm thick
stainless steel foil is very thin, the temperature of the top sur-
face of the stainless steel foil is equal to the temperature of
the bottom surface was determined. Therefore, in our exper-
imental study, the heat transfer calculations were performed
by equalizing the upper surface and lower surface tempera-
tures of stainless steel foil.

Figure 2 General appearance of test section

2.2.  Winglet

The winglets are made of 1 mm aluminum. The winglets
used in the study are given in Figure 3. As can be seen from
Figure 3, the winglets were used as a vortex generator by
opening from the base distances at certain heights.

Figure 3 The winglet with 3 mm in height from the base and 30° angle.

The proper stretching of the heating surface is very important
for us to achieve more realistic and clearer results than our
experimental work. The stainless steel foil is heated with the
help of DC power supply which can be changed in 0-6 V and
0-110 A to provide a constant heat flux on the heating
surface. The DC power supply is connected to the heating
surface from six different points with copper bur in the test
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section. In this way, it is possible to give power to the heating
surface at different current and voltage values.

In our experimental system, FLIR A640 thermal camera was
used to determine the temperature distributions on the heat-
ing surface. Thermal images on stainless steel foil are ob-
tained by placing them perpendicular to Z in the lower side
of the test section of the thermal camera. The camera can
measure temperatures from -20 to 1200°C with approxi-
mately £2% accuracy. Thermal camera system we use, 7.5
to 13 micrometers between 320 to 240 pixels are uncooled
focal surface determination. The field of view is
25x18,8°/0.4 and the instant field of view is 1.3 m-rad and
thermal sensitivity is 0.07°C — 30°C. The images obtained
with the thermal camera were then viewed and recorded for
analysis using the FLIR-Quick-Report program with the help
of the computer.

The air is supplied to the test system through a fan with a
capacity of 2950m?3h, which can be set to cycle. In order to
achieve different speeds, the fan flow must be adjusted at
different values. The most efficient and effective method for
adjusting fan flow is the use of frequency control devices.
The frequency control device operates in the range of 0-50
Hz and has a sensitivity of 0.01 Hz. In the experiments per-
formed, LV-107 model anemometer was used for speed
measurements. The temperature at the inlet and outlet of the
test section was measured using a K-type digital thermome-
ter.

2.3. Data Analysis

The amount of heat transfer by convection from the heating
surface is expressed by the following equation:

Qconv = Qer — Quoss 1)

Heat transfer is defined as Qconv by convection occurring at
the lower side of stainless steel foil and conduction occurring
on side surfaces. The electrical power supplied to the system
is described in Qe as follows.

Qe =VI 2

In this equation, V refers to the voltage given to the system
and | refer to the current given to the system.

Radiation heat flux gr occurring on both surfaces of the heat-
ing surface:

g = (1 — Tf) 3)
ghe = e,0(T* — T3) )

&p and &; are the emissivity rate of painted and unpainted
surfaces, respectively.

Stefan-Boltzmann constant, T, and T, are surface and air
temperatures, respectively.

Heat transfer from the natural convection under the plate is
calculated using the following formulation:

ar = he(T = To) ©)

Where h¢ is the free convection coefficient defined as 1.1
W/m?K for 0.1 m/s air velocity.

The heat conduction is calculated by the equation given be-
low:

AT
qc = kT (6)

Here, k is the thermal conductivity of stainless steel foil. AT
is the temperature difference across the stainless steel foil,
and T is the thickness of the stainless steel foil.

T and Ty represent the film temperature of the heater surface
and the fluid, respectively.

The Nusselt number was calculated based on the hydraulic
diameter (Dn) of the rectangular channel. In this equation, hy
is the coefficient of convection and k is the coefficient of
thermal conductivity of air.

The average Nusselt number (Nup) is calculated as follows:
Nu,, = %f Nu,dx )

The heat flux obtained by convection is evaluated by the
equation given below:

Qel—Q

Qconv = % (8)
P

In the calculation of the heat transfer surface area equations,

W and L terms represent the width of the heating surface and

the length of the heating surface, respectively.

The Reynolds number calculated based on the channel hy-
draulic diameter is given below:

__ pUDh

T

where Dy, is the hydraulic diameter, U is the speed of the

fluid, p is the density of the fluid and p is the viscosity of
the fluid.

Re )

3. Results and Discussion

Experimental data for heat transfer with forced convection
were analyzed under different Reynolds number values. The
Nusselt numbers are especially calculated for the empty
channel by using the experimental results. The Nusselt num-
ber obtained for empty channels was compared with the cor-
relation found by Dittus-Boelter under turbulent flow in the
literature.

Dittus-Boelter correlation is expressed as follows.

Nu = 0,023Re%8pro4 (10)

In Figure 4, the Nusselt number is compared with the corre-
lation given in equation 10. The Nusselt number was found
to be agree with the correlation between £1.5% deviation
range.

—— Dittus-Boelter Correlation
= Empty Channel

Figure 4 The validation of Nusselt number for empty channel
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For the winglets with different geometries, the images ob-
tained with the help of thermal camera to create the maxi-
mum field of view, using the FLIR-Quick Report program,
the temperature distributions on the surface were obtained
and the following images were given. The names and abbre-
viations used in the study are given in Table 1.

Table 1 Test names used in the study

In the experimental study, the primary aim of using different
base height and different angle is to increase the heat transfer
and heat transfer surface by providing turbulence formation.
As can be seen from the temperature contours, the heat trans-
fer in all experimental cases has increased significantly com-
pared to the empty channel.

Experiment Names | Abbreviation 'T]%yrgggjrs Abbreviation
5181 X1
10363 X2
Empty channel X 20328 X3
25510 X4
Height of the winlet 5181 Al
separation from the A 10363 A2
ground =1 mm, 20328 A3
winglet angle= 15° 25510 A4
Height of the wing- 5181 Bl
let separation from B 10363 B2
the ground = 3 mm, 20328 B3
winglet angle = 30° 25510 B4
Height of the wing- 5181 C1
let separation from c 10363 Cc2
the ground =5 mm, 20328 C3
winglet angle = 75° 25510 C4

The contours of the temperature distributions of Re = 5181,
Re=10363, Re=20328 and Re=25510 for the arrangements
of the winglet with different geometry type in the channel
along the test region from the test zone entrance and exit
points are shown in Figure 5-Figure 8. In our experimental
studies, as seen in all the temperature contours, the
temperature values in the flow direction starting from the
entrance zone are increasing gradually. As can be seen from
the temperature contours, the thermal boundary layer begins
to develop with the transfer of heat from the hot fluid
resulting from the heating of the cold fluid at the inlet, and
the thermal boundary layer begins to develop and reaches
thermally developed conditions as it travels along the
channel. Thermal boundary layer is defined as the regions
with temperature gradients and heat transfer. The gradients
and their associated heat transfer are neglected on the outside
of these areas. Also, this can be clearly shown in the color
changes in the temperature contours.

When the data obtained from the temperature contours were
examined, it was found that the temperatures at the channel
entrance were low. However, after contact of the fluid with
the winglet, it has been determined that the temperature in-
creases along the dimensionless x distance and the non-di-
mensional y distances due to the vortex formation and the
increase of the fluid mixture. A better heat transfer on the
surface as well as a better heat transfer at the blade angle of
45° was obtained as the distance of the winglet separation
from the base distance decreased.

As seen from the Figure 5-Figure 8., when the temperature
contours are observed, there are less temperature differences
in high Reynolds numbers. This is due to the increase in the
Reynolds number, the thermal boundary layer thickness is
decreased, the fluctuations caused by the vanes, the heat
transfer coefficient increased and the heat transfer increased.
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Figure 5 Temperature contours in the empty channel obtained in different
Reynolds numbers
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Figure 8 Temperature contours in the winglet channel obtained in different
Reynolds numbers (C)

4. Conclusions

1- In the flow and heat transfer analysis, the experiments
were performed in the empty channel for the calibration of

the experimental set-up and the results were compared with
the correlations (Dittus-Boelter) in the literature. Then the
heat transfer results for different winglet types were investi-
gated. In heat transfer analysis, the relationship between
Reynolds number and average Nusselt numbers for all wing-
let geometry types were investigated. These investigations
examined the angle of the winglet and the effects of the dis-
tances of the winglet from the bottom.

2- The Reynolds number of increased for all experimental
cases and Nusselt number increased. The highest heat trans-
fer increase was obtained when the winglet was lower than
the base distance and the attack angle was 45°.

3-Maximum increase in Nusselt number for all experiments
using a 1 mm base height; the highest Reynolds number (Re
= 25510), the attack angle was 459, it increased to 1.92 per-
cent compared to the empty channel.

Nomenclature

A Total area

Dn Hydraulic diameter

g Height of the winglet

Heat transfer coefficient
Channel height

Current

Thermal conductivity
Test region length
Nusselt number

Uort Average Nusselt number
Heat transfer

Reynolds number
Temperature

Velocity

Voltage

Channel width

Pressure change
Kinematic viscosity
Fluid density

Pressure
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