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is the fills, where heat transfer occurs. However, there are no studies on the use of
vortex generators in colling tower fills. Hence the aim of this study was to evaluate the
performance improvement in a forced draught cooling tower using a vortex generator.
It was conducted on a laboratory scale using single fill as a trial medium. The fill was
made of 3-mm acrylic with dimensions of 30 x 30 x 1950 mm. A three-unit vortex
generator was placed inside the fill. The rectangular vortex generator was made of 0.5-
mm thick aluminium and had a size of 50 x 10 mm. Data were retrieved for the fills
with and without a vortex generator. Water and air discharge of 1 L/minute and an
inlet water temperature of 60°C were maintained. The results indicated that the
effectiveness of the fill with a vortex generator was increased by 90.72% compared to
the fill without a vortex generator.
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1. Introduction

Cooling systems play an important role in maintaining the temperature of production machinery
so that it can work optimally. Optimization of a cooling system can reduce water and energy
consumption [1]. An example of a cooling system is a cooling tower, which is a heat exchanger for
reducing water temperature using air flow. One type of cooling tower is the forced draught cooling
tower.

Forced draught cooling towers are used in various industries because of their high air resistance,
relatively quiet fans and lower power consumption, even though their cooling efficiency is lower than
that of induced draught cooling towers [2,3].
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Several studies have been conducted to improve the efficiency of cooling towers. Improvement
of evaporation can reduce the wet ball by 85-95%, while the filler surface affects the decrease in the
ratio of water mass flux to air [4,5]. Interesting results have been obtained using a fill made
alternative material such as pebbles, PET strip, and coconut husk and energy loses also reduced using
alternative fill [6,7]. Gao et al., [8] demonstrated that wind speed affects efficiency and temperature
decrease. Ramakrishnan and Arumugam [9] examined the optimization of operating parameters and
conducted a performance evaluation of forced draught cooling towers using the response surface
methodology (RSM) and artificial neural network (ANN) methods. The results indicated that a lower
water temperature was obtained with the ANN model than with RSM. Johanes [10] used water and
air fluid distribution and found that a lower water/air mass flow rate ratio caused a decrease in
efficiency. Murugaveni and Shameer [11] investigated the performance of a forced draught cooling
tower using Ansys Fluent Software, varying the parameters of the air inlet with different air inlet
angles and installing nozzles in the air inlet to increase the effectiveness of the cooling tower model.
Wang et al., [12] reported a decrease in cooling performance in the presence of a crosswind. A study
that aimed to improve the performance of cooling towers with air vortex distribution of the
crosswind found that the distribution of air within a vortex, when the wind blew on the cooling tower,
caused a disruption of heat transfer and mass, thereby reducing performance [13]. Although various
methods and materials have been used to improve cooling tower performance, no studies have
explored vortex generators inside the fill in a cooling tower to increase heat transfer and the tower’s
efficiency. In fact, heat transfer can be increased by adding a vortex generator [14], which causes
flow instability (turbulence) and the development of boundary layers and vortices [15]. The vortices
themselves are affected by an increase in the Re number and the height of the vortex generator
[16,17]. An inline winglet vortex arrangement results in the greatest heat transfer and fluid mixing
with increases in heat transfer by 36.23%, in the friction factor by 36.29% and in thermal performance
by 28.5% [18]. This study aimed to use a vortex generator to increase the efficiency of a forced
draught cooling tower.

2. Methodology

This study used afill in a cooling tower. Convection heat transfer from water to cooling air occurs
in every single fill separately. The fill is located in a vertical canal that is passed through by hot water
from the water intake to the water tank. At the same time, cold air is taken in by the fan so that it
flows from the air intake to the fan through the fill, as shown in the cooling tower scheme in Figure
1, and hot water meets the cooling air flowing in the opposite direction inside the fill. Then, to study
the effect of vortex generators on cooling tower performance, this study only uses one fill as a model.

The experimental rig was based on Ramakrishnan and Arumugam’s [9] test model, with a cross-
sectional area of 90,000 mm?Z. The size of each fill was 30 x 30 mm with a height of 1,950 mm. Since
this study aimed to evaluate the effect of installing a vortex generator in a fill, we compared only a
single fill with a vortex generator (VG) and a fill without a vortex generator (NVG). The fill was covered
with an insulator so that it was not affected by ambient temperature. The amount of water and air
entering the fill was 1 L/minute [9]. Water from the basin was pumped to the storage. The water
contained in the storage was heated using a heater to maintain a temperature of 60°C and then
flowed into the fill through a sprinkler to break the water into small beads. Excess water in the storage
was channelled back to the water tank. At the same time, air from the compressor was channelled
through pipes to the bottom of the fill. The water and air discharge were regulated using a manually
operated valve. The thermocouple for the inlet water was positioned below the sprinkler, while the
thermocouple for the exit air was placed above the sprinkler. At the bottom of the fill, the
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temperature of exiting water was measured below the inlet air duct, while the inlet air temperature
gauge was placed above the duct, as illustrated in Figure 2.
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Fig. 1. Schematic of the forced draught cooling
tower [2]. 1: Fan, 2: Wall, 3: Fill, 4: Water tank,
5: Drift eliminator, 6: Water intake, 7: Air intake
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Fig. 2. Schematic of the experimental rig

The height of VG affects the intensity of the vortices because if the VG is higher, the intensity of
the resulting vortex increases because the cross-sectional area of the flow decreases, causing an
increase in flow velocity [19]. Based on the results of Han's [20] research, the best vortex generator
height compared to the channel height or the VG height ratio is up to 0.47. This study using
aluminium rectangular winglet vortex generator with a size of 50 x 10 x 0.5 mm with a height ratio
0.33, as shown in Figure 3. The distance between vortex generator inside the rectangular channel
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can be determined by using the ratio of the distance of the vortex generator inside the channel to
the length of the channel, also referred as to the longitudinal pitch ratio. The longitudinal pitch ratio
of 0.18 produces the largest vortices, while the longitudinal pitch ratio above 0.24 to 0.36 is constant
and can affect heat transfer in the channel because induced vortices that form previously can
combine with subsequent VG vortices [20,21]. Therefore, in this study, taking into account the length
of the fill, the longitudinal pitch ratio used is 0.19 which is obtained from the distance between vortex
generator (D) of 375 mm to the channel length (L) of 1950 mm. Another parameter that greatly
affects the vortex generator is the angle of attack. The angle of attack of VG is a very important
parameter for increasing heat transfer because the intensity of vortices and fluid mixing depends on
the angle of attack [22-24]. The angle of attack in this study refers to Lu and Zhai [25] who stated that
the angle of attack 15° has the best hydraulic thermal performance.

The temperature data were collected using a Fluke 51 digital thermometer with a type K
thermocouple with a 0.05% and 0.3°C accuracy. Data collection was performed every 15 minutes
from 14:45 to 16:30 for was performed over six days, not sequentially, taking ambient temperature
into consideration. VG and NVG data were retrieved for three days (VG1, VG2 and VG3, and NVG1,
NVG2 and NVG3, respectively).

Fig. 3. Arrangement of the vortex generator inside the fill

2.1 Performance Parameters
2.1.1 Range

By determining the entry and exit properties of the air and water, range (Rcr), the simplest
method of examining the performance of the cooling tower, where Ty, is the temperature of the

water entering the fill, and Tuo is the temperature of the water leaving the fill [26].

Rer =Ty — Two (1)
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2.1.2 Approach

Approach (Acr) is the difference between the air wet-bulb temperature and the water
temperature, where T,,,, is the water temperature at exit, and T,,;, is the wet-bulb temperature.

Acr = Ty (°C) = Tyyp (°C) (2)
2.1.3 Merkel Number

The Merkel number (M.) involves two phenomena in a cooling tower, sensible heat transfer and
evaporative heat transfer, and is defined as follows [27,28]:

_ agFr
M, = e )

M, is calculated using the simple logarithmic mean enthalpy difference (LMED) method as
follows:

hqgo—hgi
Me — a:hma,l (4)
_ (rawi—ha0)=(hawo=ha,)
Ahy, = lnha,wi—ha,o ’ (5)
hawo—hg

where Ah,, is the LMED.
2.1.4 Effectiveness

Effectiveness is estimated by comparing the range of work with its ideal range [29].

ecr = ?;TW x 100% (6)

wi—Twb

2.1.5 CFD Simulation

Computational fluid dynamics (CFD) modelling was performed before the study was conducted
to predict vortices on the vortex generator using Ansys Fluent 18.2 software. The computation
settings and meshing of the CFD simulation are shown in Table 1 and Figure 4, respectively. The
default parameters were used for other settings.

Table 1

Computation settings

No. Setting Parameter

1 Gravity 9.81

2 Multiphase Eulerian

3 Turbulent RNG. K-epsilon
4 Energy On
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Fig. 4. Meshing of the CFD simulation of a fill (a) without and (b) with a vortex generator

The computational domain in Figure 4(a) is divided into a set of hexahedral cells to achieve high,
convergent resolution. However, the division of the computational domain in Figure 4(b) uses
tetrahedra cells because they cannot achieve high convergence and resolution. Furthermore, the
number of mesh is determined using the grid independency test.

Grid independency test is used to varying the number of elements and further accuracy of
simulation [30]. This test is carried out to obtain the minimum number of meshes that can provide
consistent, repeatable, and low error results. Table 2. shows the grid independence test with the
number of mesh elements from 300,000 to 1,000,000. The parameter used to see changes in the
simulation results is the average velocity of water in the area after the first vortex generator. The
results show that the number of meshes to the water velocity does not show a significant change
with each deviation below 10%. Considering the results and calculation time, a mesh with an element
size of 1.5 was chosen as the parameter used in the simulation.

Table 2

Grid Independency Test

Element Size Number of Node number  Water Velocity Deviation
(mm) Element (m/s)

2 327.821 262.307 -2,43162 -

1,8 439.020 352.376 -2,30936 -5,0279238
1,6 594.586 484.769 -2,19683 -4,8727786
1,55 638.473 517.565 -2,14458 -2,3784271
1,5 702.614 569.901 -2,12903 -0,7250837
1,4 849.013 688.432 -1,95753 -8,0553116
1,3 1.070.306 875.732 -1,81828 -7,1135564

3. Results
3.1 Experimental Result

This experiment was performed over six days, not sequentially, to take ambient temperature into
account. The collected data were in an environment temperature range of 33.1-33.6°C.

Figure 5 shows a comparison of the ranges obtained on three days. The average temperature
range for the fill with the VG was 6.08—6.1°C, while the NGV fill had an average range of 3.4-3.9°C.
This indicates that the VG resulted in a greater temperature decrease than the NVG. Since the range
can be understood as the transfer of energy from water to air, the higher value for the range indicates
that the cooling tower lowered the temperature more effectively [31,32]. It can therefore be
concluded that a VG in the fill can improve water temperature reduction. Moreover, the VG approach
had lower values than the NVG, as can be seen in Figure 6.
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Fig. 5. Temperature ranges without (NVG1 to NVG3) and with a vortex generator (VG1 to VG3) on day 1

to day 3

The performance of the VG fill was closer to ambient temperature. Therefore, the fill with a VG
is better than the one without. The lower the approach value, the better the performance of the
cooling tower, as it represents its ability to lower the temperature of the water closer to the wet-
bulb temperature of the surrounding air [5]. It can thus be concluded that a VG can reduce the

approach value in the forced draught fill type of the

cooling tower.
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Accordingly, as shown in Table 3, the Merkel numbers for the fill with a VG were higher than the
those for the fill without one. Disturbances in the flow cause splitting of the fluid into droplets so that
the interface surface becomes wider and ultimately increases the transfer of evaporative heat [33].

Table 3

Merkel numbers

Day NVG VG

1 1.7397 3.1149
2 1.6694 3.1981
3 1.9764 3.1341

Figure 7 shows that the cooling tower effectiveness (ecr) of the VG was 90% higher than that of
the NVG because the vortex generator broke the flow, resulting in greater heat transfer. To visualize
the flow, CFD modelling was used (Figure 8).
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Fig. 7. Cooling tower effectiveness (ecr) without (NVG1 to NVG3) and with a vortex generator (VG1 to
VG3) on day 1 to day 3

3.2 CFD Simulation
The results obtained by using the CFD simulation are similar to the experimental results that the
vortex generator has the effect of reducing the temperature of the water coming out of the channel.

Figure 8 and Figure 9 shows a change in the mixing between water and air after passing through the
VG. The mixing of these fluids delays the separation of the boundary layer that forms continuously
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on the rectangular winglet vortex. The addition of a rectangular winglet—shaped VG controls the
boundary layer by mixing high-momentum fluids from the outside into the boundary layer [34]. This
is confirmed in Figure 10, which shows the shape of the flow in the area around the VG. A flow
deflection formed a vortex in the VG.
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Fig. 8. A CFD 3D model without vortex generator
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Fig. 9. A CFD 3D model with vortex generators
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Fig. 10. Vortex generator CFD model: (a) front view, (b) zoom on the vortex generator’s tip, and
(c) top view

The vortices at the tip of the vortex generator were generated by a separation along its leading
edge, resulting in an unstable separate shear layer and curling to its longitudinal vortices, as shown
in Figure 10(a) and Figure 10(b). Figure 10(c) shows the vortices generated along the vortex
generator. As the pressure difference between the upstream and downstream sides creates a split
of flow along the edge of the vortex generator, longitudinal vortices are generated [35]. Furthermore,
the obtained Re number with a vortex generator was greater than without a vortex generator for
both air and water. Without a vortex generator, the Re number was 41.54 for air and 172,041 for
water, while with the addition of a vortex generator, it was 57.62 for air and 286,735 for water. A
higher Reynolds number creates counter rotating vortices for various distances of rectangular
winglets in vortex formation [36].

4. Conclusions

This study compared a fill with a vortex generator (VG) with a fill without a vortex generator
(NVG). The results indicate that the VG increased the performance of the fill. Cooling tower
parameters were used to measure the increase in fill performance. The temperature range of the VG
was wider than that of the NVG, whereas the approach value of the VG was lower than that of the
NVG. The effectiveness of the VG was 90% higher than that of the NVG. This study demonstrates that
a VG can improve the performance of a fill in a cooling tower. Therefore, it is necessary to research
the application of vortex generators in a cooling tower system to increase its efficiency.
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