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1 Introduction

The work on the use of vortex generators to increase the heat transfer of heat exchanger has
been performed since the 90s as proposed by Martin Fiebig in the review papcl], In his
review paper, a longitudinal vortex generator (LVG) is divided into four types: delta wing,
rectangular wing, delta winglet and rectangular winglet. A study into the use of LVG to the
increase ofheatnnsfer and turbulent flow numerically has been done by Ting Ma et al. [2].
M. Khoshvaght et al. investigated in detail experimentally the effect of distance among delta
winglet vortex generators [3]. They reported that the hydrothermal performance factor is
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slightly increased by using delta winglet VGs. They used delta winglets to generate
longitudinal vortices in the flow. Samer Ali et al. used trapezoidal VG to improve heat
transfer and fluid mixing [4]. They found that the installation of both flexible and rigid
trapezoidal VGs was able to improve the heat transfer by up to 118% against a non-VG pipe.
M. Khoshvaght et al. had previously studied the winglet VGs to

enhance heat transfer in tubular heat exchangers [5].

Hao Wu et al. investigated the turbulent flow behind the delta winglet VG [6]. They found
the main vortex and induced vortex formed behi the VG. Li Zhang et al. studied the
arrangement effects of delta winglet paifj of VGs on the heat transfer enhancement on the
shell side [7]. Their work informed that the use of delta wing]a‘v’G increases the
effectiveness of heat transfer by 16.6% of that without using VG. The improvement of heat
transfer using a longitudinal vortex gcncratn LVG) has been studied by Gautam Biswas et
al. [8]. Zdanski et al. studied the effects of delta anglct VG on convection heat transfer in
the arrangement of in-line tubes [9]. They found ft the use of delta winglet VGs was able
to enhance convection heat transfer by up to 30%, but followed by a 40% increase infflfessure
drop. Turo et al. clearly illustrates the effects of different forms of winglet VGs on a fin and
tube heat exchanger with herringbone fin form [10]. They found that VGs not only increase
heat transfer but also reduce pressure drop. Uddip et al. concentrate to know the effect of the
rectangular VG surface-texture on heat transfer and dynamic vortex [11]. They explain that
multiple and single texturing on leading and trailing edges can enhance the main vortex
behind the VG. Ghobad et al. studied heat transfer improvements inside a diffuser by
inserting a delta wing VG [12]. They found an increase in higher heat transfer by using two
pairs of delta wing VGs inside the diffuser.

Ralph and Rajnish investigated the VG flag for improved thermal performance [13].
However, their experimental results were lacking to validate numerical and theoretical
results. Muhammad Awais and Arafat studied the increase of heat transfer inside a compact
heat exchanger by using various forms of vortex generators [14]. They mentioned that the
delta winglet VG provides better thermal performance than the rectangular winglet VG. M.J.
Li et al. compared the effects of delta winglet VGs on wavy fin and plain fin on thermal
performance [15]. They mounted VGs around the tubes. Their cxp:n'ncntal results show that
using five or six pairs of tubes yields no differences in the rate of heat transfer and pressure
drop . Suriya et al. used winglet VGs mounted to the centre of the channel to enhance heat
transfer [16]. Their experimental results suggest that the VGs winglet considerably enhances
heat transfer and pressure drop over straight pipe, wire coil and twisted tape.

Hao Wu et al. observed the longitudinal vortex structure in the downstream of the delta
winglet VG on various aspect ratios [17]. They found that the streamwise velocity deficit at
the core of the main vortex did not decrease, while the upwash region did not change with
increasing aspect ratio. Xuechong Wu et al. optimized a fin and tube heat exchanger by using
genetic algorithms [18]. They tried to learn some geometry parameters of o delta winglet
VG by using surface approximation at a certain angle of attack. Zhiming Xu et al. studied the
characteristics of heat transfer and fluid flow inside the channel in the presence of VGs [19].
Their results revealed that the half-cylinder (G exhibits the best thermohydraulic
performance. Hao Wu et al. studied attack angle effect of the delta winglet VG on the heat
transfer enhancement on a flat plate inside a rectangular channel [20]. They found that the
average Nusselt number increases with increasing angle of attack. They found that the
average Nusselt number increases with increasing angle of attack.

A study into the effects of delta winglet type VG to the increase of heat transfer in a
compact plate-fin-and-tube heat exchanger with the actual geometry was conducted by
Joardar and Jacobi [21]. From their research showed that air-side heat transfer coefficient
increased by 68% compared with that without using VG. Analysis of the increase in the
coefficient of convection in laminar flow using LVG with field synergy principle has been
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introduced by Wu and Tao [22]. They also studied several variables that affect the increase
of heat transfer coefficient. From their analysis, it can be revealed that the increase of heat
transfer through VG is due to an increase in the field synergy between the velocity gradient
and the temperature gradient. Hung-Y1 Li et al. observed experimentally and numerically the
thermal-fluid characteristics of the pin-fin heat sink with the delta winglet VG [23]. They
found that VG with an attack angle of 30 | provides better thermal-hydraulic performance.

Experimental and numerical studies of 3-D delta wing VG have been given by Aris et
al. [24]. The 3D delta wing provides enhancement to heat transfer by 37% and an increase in
pressure loss by 15%. He et al. [25] examined numerically what has been done by Joardar
and Jacobi [21] by replacing a delta winglet VG with rectangular winglet. Syaiful et al. has
introduced a new type of VG called conve delta winglet (CDW) [26]. They found that the
use of CDW VG resulted better in the heat transfe@gmentation compared to that of DW
VG. However, Syaiful et al. [26] observed that this increase in heat transfer coefficient was
accompanied by a higher increase in pressure drop for the CDW VG case. Therefore, current
res@lch is focused on reducing pressure drop by applying perforated VGs without reducing
the increase in heat transfer coefficient at the certain attack angle.

2 Material and Experimental Set-up

2.1. Experimental set-up

This experiment was carried out inside a rectangular channel made by a glass with a thickness
of 10 mm. This rectangular channel has a gth 0of 370 ¢cm, a width of 8 cm, and a height of
18 cm. The channel was equipped with a hot wire anemometer (Lutron type AM-4204,
precision £ 0.05) K type thermocouple, acquisition data (Advantech USB 4718 type with
precision = 0.001), a heater, pitot tube, centrifugal fan, straightener, micromanometer (Fluke
922, accuracy + 0.01) regulator, camera, laser pointer, transformer, compressor, and
wattmeter. Figure 1 shows a schematic diagram of experimental equipment.
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Fig. 1. Schematic diagram of experimental set-up
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A blower was used to suck air into the channel through a straightener tHl] serves to form
a uniform flow. A hot wire anemometer was placed at a distance of 27 em from the
straightener to measure the velocity of air flow within the channel. The inlet air temperature
was measured using a thermocouple located above the hot wire anemometer. A regulator was
used to regulate the inlet air flow velocity with a blower speed controller. Then, the air flows
through the test section consisting of a plate with or without a vortex generator which was
heated by a heater. A regulator was connected to a heater to regulate the induced heating
power. A | mm thicknalc with or without a vortex generator was affixed to the heating plate.
Six thermocouples were placed onfflhe surface of the test plate to monitor surface
temperatures and six thermocouples were placed behind the test plate to monitor outlet
temperatures. The acquisition data were connected to the thermocouple to the PC to record
the value of the test plate surface temperature and the outlet temperature. A micromanometer
was connected to two hoses on the inlet and outlet sides of the test plate to measure the
pressure drop. A heated cylinder tube inside was used to vaporize the oil for flow
visualization purposes. A compressor was used to push smoke from the heated oil into the
channel.

2.2. Experimental materials

This test was performed by installing delta winglet vortex generators (DW VGs) and concave
delta winglet vortex generators (CDW VGs) on the test plate. The geometry detail and size
of DW VGs and CDW VGs are shown in Figure 2. Figure 3 shows a photograph of a
specimen from a plate attached with one, two and three pairs of DW and CDW VGs. Vortex
generators were installed on aluminium plate 500 x 155 x 1 mm. Vortex generator is in a
Eangular form with a length of 60 mm and height of 40 mm. Vortex generators were installed
in-line with a distance of 20 mm and the distance of the forefront of vortex generators with
the other pair is 125 mm. DW and CDW VGs was mounted on an attack angle of 15°. In this
test, vortex generators have a wide variety of hole numbers. The position of hole 2 is a test
specimen for vortex generators with one hole. The positions of holes 2 and 3 are test
specimens for vortex generators with 2 holes. The three-hole test specimen uses all holes
positions as shown in Figure 2 and Figure 3.

i 0 -
]
)
| : F‘ [ P ENIYL
|
' T 128 r::— __T -
DW VG VG size
M [iraera)
r 1as _,i_ 13 _I_L/ 128 _i .
e | '/ i < e

| 500

CDW VG Hole position in VG

Fig. 2. Detail geometry of DW and CDW VGs with hole location




DW VGs CDW VGs
Fig. 3. A photograph of test specimen for: a. Perforated DW VGs with one, two and three
pairs. b. Perforated CDW VGs with one, two and three pairs.

2.3. Testing procedure

In this experiment, the value of convection heat transfer coefficient, pressure drop and
longitudinal vortex form were determined. Tests for temperature data, pressure drop, and
flow visualization were performed separately. Test plates with and without vortex generatof§})
was affixed to the heating plate using thermal paste. Then the test plate was heated at a
constant heat flux of 35 W monitored by a wattmeter. A heater regulator was set to achieve
the desired heat flux. The heating of the test specimen was carried out until the surﬂﬂ of the
test plate reaches a steady temperature of 54-55°C. Afier steady temperatures were reacl'n,
air was streamed by a blower through a rectangular channel at a velocity variation of 0.4-2.0
m/s with a 0.2 m/s interval regulated by the regulator and controlled by frequency control
(Fregrol D700 made by Mitsubishi Electric). Surface temperatures of the test plate and inlet
and outlet temperatures were measured usinncveral thermocouples connected to data
acquisition and recorded within a computer. In pressure drop measurements, tn pitot tubes
were connected to a micromanometer using two hoses. Each pitot tube was placed on the
front and back of the test plate. The data of pressure drop for each variation of flow velocity
were recorded by the micromanometer.

In the flow visualization test, two hoses were installed to connect the compressor to a
heater and from the heater to the capillary tube. The capillary tube was inserted into the flow
field inside the channel in front of the test plate. The blower was turned on to drain air into
the channel. For flow visualization, the speed was set at 0.4 m/s by adjusting the rotation
frequency in the blower using a control frequency. Then the oil was heated in a heating tube
and the vapor was suppressed by the compressor through the capillary tube into the flow
field. Three laser pen beams were directed into three cylindrical tubes made of transparent
material to lend the laser beam to a rectangular channel so that cross sectional areas within
the stream are formed in all three places. Vortices can be observed when smoke passes
through some cross sections formed from laser beams. These vortices were then recorded by
a camera.

3 Results and discussion

From several previous literature studies, it can be concluded that the use of VG can increase
the rate of heat transfer, but the use of VG impact on the increase of pressure drop. There are
several parameters on the use of VG that impact on heat transfer improvements, i.e. VG form,




placement of VG, angle of attack, VG arrangement and VG number. The use of VG with all
of the above mentioned parameters also affects the pressure drop. In the present study is
focused on the effect of holes on VGs in lowering pressure drop and its impact on heat
transfer rates. In the discufffon of the results of this experiment, the effect of variations on
the number of VGs rows on the improvement of heat transfer and pressure drop will be
discussed. Calculation of convection heat transfer coefficient refers to Wu and Tao [22].

3.1. Effect of number of VGs holes on convection heat transfer coefficient

Figure 4 shows the comparison of convectiofffheat transfer coefficients (h) for the case of
delta winglet pairs of vortex generators (DWP VGs) with an attacfBngle of 15° without holes
and with one, two and three holes. The coefficient of convection heat transfer increases with
increasing aiffjelocity. This is due to the stronger and wider swirl flow with increasing air
Iocily [3]. The highest increase in convection heat transfer coefficient is found at a speed
of 2 m/s in all cases. At this velocity, the convection heat transfer coefficient in the order of
one, two and three lines of DWP VGs is increased by 16.33%, 23.67% and 40.56% of the
baseline cases, respectively. This is due to the increasing nuffber of longitudinal vortex (LV)
formed by increasing the VGs row [21]. The generated LV increases the rate of heat transfer
by moving the mass of fluid from the hot walno the main flow [26]. This mass transfer
followed by heat transfer accelerates the rate of heat transfer from the hot wall to the fluid.
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Fig. 4. Comparison of convection heat transfer coefficient among baseline, DWP VG with
and without hole for (a) one DWP VGs, (b) two DWP VGs, (c¢) three DWP VGs.
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Hole g the vortex generator causes a slight decrease in the convection heat transfer
coefficient compared to the vortex generator without holes as shown in Figure 4. The holes
in VG result in the flowfassing through the hole disturbed thus weakening LV [27]. This
resulted in a decrease in convection heat transfer coefficient compared to VEBwithout holes.
The convection heat transfer coefficient slightly decreases with increasing ber of holes
in the VGs. Delta winglet with three holes shows the highest decrease of convection heat
transfer coefficient compared to VGs with one and two holes on each [flhmber of rows. In
Figure 4, DWP three holes with one, two, and three row arrangements shows a decrease in
convection heat transfer coefficients of 3.08%, 2.14%, and 2.31%, respectively, compared to
DWP without holes at the same number of rows.

Figure 5 shows the comparison of convection heat transfer coefficients (h) for the case of the
concave delta winglet pair (CDWP) VG of attack angle 15 © with one, two, three holes and
without holes. The use of CDWP VGs results in higher convection heat transfer coefficient
than DWP VGs type. This is due to the instability of the centrifugal force when the fluid
passes through a concave surface that makes the longitudinal vortex stronger [26]. Increased
convection heat transfer coefficient of up to 78.89% of the baseline case is found in the case
of three VGs rows with a flow velocity of 2 m/s. The weakness of LV is found in the case of
perforated CDWP VGs due to the disruption of flow through the hole [27]. Similar to those
found in the case of DWP VGs, the convection heat transfer coefficient in perforated CDWP
VGs cases is observed to decrease slightly at the same flow velocity. By comparing the
convection heat transfer coefficients in CDWP VGs cases with and without holes, the
convection heat transfer coefficient on perforated CDWP VGs is foffd to decrease slightly
by a maximum of 2.1%. These results indicate that the reduction of convection heat transfer
coefficient with the use of perforated CDWP VGs is insignificant.

3.2 Effect of number of VGs holes on pressure loss penalty

Figure 6 shows the ratio of pressure drop for the DWP VGERBase with an attack angle of 15°
with one, two, three holes with no holes. The use of VG can increase the convection heat
transfer coefficient, but also accompanied by an increase in pressure drop [5]. Pressure drop
increases with increasing air velocity and number of VGs rows [26]. Increased pressure drop
Elth an increase in air velocity is caused by the addition of drag force [25]. In the case of
three rows of DWP VGs three holes with a flow velocity of 2 m/s, the pressure drop decreases
35.37% over the three DWP VGs rows without holes.
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Figure 7 shows the ratio of pressure drop for the CDWP VGs case at an angle of attack
15° with one, two, three holes and without holes. CDWP VGs show a greater pressure drop
than DWP VGs because CDWP VGs have a larger surface area than DWP VGs, so the flow
resistance becomes larger. Hole in the vortex generator can reduce the flow resistance caused
by the longitudinal vortex, so the pressure drop is down compared with VG without holes
[27]. Pressure drop decreases with increasing number of holes in VG. Three holes CDWP
VGs with one, two, and three row arrangements show a decrease in pressure drop of 25.65%,
13.59%, and 11.62%, respectively, compared to CDWP VGs with no holes on the same
number of rows. The largest reduction pressure drop is found on a single row arra-
ngement of CDWP VGs with three holes.
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3.3. Longitudinal vortex visualization

The visualization of the airflow inside a rectangular channel was carried out within the
Thermofluid Laboratory of Diponegoro University with the surrounding environment in a
dark condition to see traces of LV in the cross scct of laser light. In visualizing this flow,
LV was generated by DWP and CDWP VGs with air velocity of 0.4 m/s at an attack angle
of 15° as can be seen in Figures 8. Based on the flow structure, it can be shown that the
perforated concave delta winglet vortex generator produces a longitudinal vortex with a
larger size area than that of perforated delta winglet vortex generator. The large radius of the
longitudinal vortex causes better fluid mixing.

o [ Vorex

(a) (b)
Fig. 8. Formed longitudinal vortex in the flow for: (a) DWP VGs and (b) CDWP VGs

4 Conclusion
1

Use of a vortex generator can increasgthe convection heat transfer coefficient and result in
increased pressure drop. CDWP VGs increase the convection heat transfer coefficienfBigher
than that of DWP VGs with greater pressure drop. The perforated VG resulted in a slight
decrease in the value of convection heat transfer coefficients compared with those without
the holes. However, perforated VGs can lower the pressure drop. The flow visualization
shows that the LV produced by CDWP VGs is greater than that generated by DWP VGs.
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