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This study presents a numerical investigation into the flow configurations and pressure
distribution of cylindrical towers equipped with various vortex generators. The primary
objective is to reduce the energy consumption of ventilation in these towers. Different
diffuser-shaped vortex generators with semi-open angles are compared to determine the
optimal angle for generating an upward suction draft. The study also examines the
effects of air velocity and vortex generator size on flow configuration. The finite
element method, implemented through commercial software, is employed to solve the
main problem. The numerical results reveal that the suction draft speed within the tower
is directly proportional to the crosswind speed. The diffuser-shaped vortex generator
with a height equivalent to 2D provides the most effective ventilation. Furthermore, a
semi-open angle of 8 proves to be the most suitable for cylindrical towers, with

increasing semi-open angles resulting in enhanced updraft wind speeds.

1. INTRODUCTION

Currently, solar updraft towers are being continuously
developed with the aim of increasing the speed of updraft
airflow, thereby enhancing the electricity generation capacity
of turbines. A concept has been proposed to harness upper
wind energy to boost electricity production during nighttime,
enabling the tower to generate power continuously throughout
the day by utilizing crosswind energy. The operational
mechanism of industrial ventilation stacks resembles that of
solar updraft towers. However, ventilation stacks rely on
exhaust fans to expel hot air or gases from industrial processes
through the stack outlet, a process referred to as a ventilation
system. Each year, a significant amount of energy is consumed
to support these ventilation processes.

The development of solar updraft towers offers a promising
approach for utilizing crosswind energy to reduce the energy
consumption of ventilation systems. The original concept of
solar updraft towers was validated by Haaf et al. [1, 2], and
numerous studies have since investigated the effects of
crosswind on these towers. Prtetorius and Kr&ger [3], along
with Ming et al. [4] and Shen et al. [5], emphasized the
potential of strong winds to enhance the driving force of these
towers. Numerical studies [6-8] have further supported this
hypothesis. Additionally, Ohya et al. [9] and Ridwan et al. [10]
developed diffuser-shaped chimneys to increase the updraft
velocity, with their findings aligning with this concept.
Nevertheless, designing diffuser-shaped towers for solar
updraft applications requires careful consideration of
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structural integrity. Most existing towers feature a cylindrical
design, which poses challenges for structural modifications.
As such, advancing solar updraft towers while retaining the
original cylindrical structure represents a practical and
appealing direction for future development.

An interesting approach for practical implementation is the
development and installation of devices on existing tower
structures. Several studies have explored similar strategies by
installing equipment designed to harness the benefits of
crosswind flows. The application of diffuser-shaped designs
has been developed to enhance wind turbine performance,
particularly through their integration into Wind-Lens systems
[11-15]. These designs effectively increase wind speed
passing through the turbines. Additionally, the diffuser shape
generates vortex flows, consistent with the findings of
references [16, 17], which highlight the potential of devices
for converting crosswinds into vortex flows. This research
approach underscores that installing equipment without
altering the original structure is an appealing and practical
strategy for real-world applications.

Watanabe et al. [18] investigated the utilization of
crosswind to enhance updraft velocity by installing one-
directional flat vortex generators of varying heights at the
tower outlet. Their results demonstrated that vortex generators
can effectively convert crosswind into vortex flows, thereby
increasing updraft speed. Subsequent studies [19, 20] further
explored three-directional vortex generators to identify the
optimal design. These findings revealed that diffuser-shaped
vortex generators offer the greatest potential for development.
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The objective of this research is to increase the updraft
velocity of the tower by utilizing crosswinds to enhance the
suction power of a cylindrical-shaped tower. This is achieved
by installing vortex generators at the top of the tower, an
advancement over the original concept that used flat plates
installed only on one side of the tower inlet. This modification
improves the feasibility of real-world installation and allows
the tower to capture wind from all directions.

In this study, wind-catching plates in three directions, as
shown in Figure 1, are used. Based on previous studies [18,
19, 20], diffuser shapes are considered promising for the
development of vortex generators. To test this hypothesis,
diffuser-shaped vortex generators were constructed and tested
at various half-open angles. The experimental results from
[18] were used to validate the numerical simulations. This
concept would enable the solar updraft tower to harness wind
energy, allowing it to operate continuously both day and night
while reducing energy consumption for industrial ventilation.

Crosswind o
/ !
Diffuser-shaped Vortex Generator ~ Vortex (Low pressure)
Cylindrical Tower 1
Suctioned Updraft

Figure 1. Working principle of a diffuser-shaped vortex
generator on a cylindrical tower

2. NUMERICAL MODELS AND SETTING

In this study, the pressure coefficient (Cp) was designated
by Eq. (1). The resulting value was obtained by dividing the
static pressure difference by the dynamic pressure of the
nearest wind approaching the tower.

Ap
C, = 2
The equation was simplified as:
P—Db
C e OO

In both equations, U, means the velocity of the fluid (m.s°
D), while p means static pressure at a pressure coefficient
assessment point (kg.m2), and p.. means static pressure of a
freestream (kg.m-).

Commercial fluid analysis software (Ansys-Fluent) was
utilized in this study to develop the numerical model of the
experiments. The computational domain, as depicted in Figure
2, and the computational grid, shown in Figure 3, were
replicated from the wind tunnel experiments. The
computational domain encompassed not only the upper part
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where the wind typically flows but also the base on the leeward
side, as evidenced by the tetrahedral-shaped structures in the
computational grid. The model simulated the wind flow
pattern within the cylindrical tower, with air velocities
controlled at 2, 4, 6, and 8 m/s. The figure designation referred
to Watanabe et al. [18] for accuracy.

HOD)

32 m ()

- 32 m (=100D)

20 m

| Vortex generator

Tower model
=0.32 m, h=2 m)

$1.19m

Calm air

Figure 2. The computational domain

Figure 3. The computational grid

In the numerical model, turbulence kinetic energy (k) can be
written in Launder and Spalding’s [21] Standard k-epsilon
Turbulence Model as in Eq. (3):

§<pk)+§i(pkui)
®)
OX.

]a—k}+ P +P —pe+S,
J

A decrease in the specific kinetic energy dissipation rate (&)
was shown in Eq. (4):

%(psw%(psui):%[wfjg}

i % (4)

2

+C, (R +CyR)-Cop T+,

In both equations, k means specific turbulent Kinetic energy
(m2.s2), ut means Eddy viscosity (kg.m™.s?), p means fluid
density (kg.m%), ui means fluid freestream velocity (m.s™), o,
o, Ci. and C, are Standard k-epsilon Turbulence Model
constant, and ¢ the specific kinetic energy dissipation rate
(m2.s3).



(mm)

(Crosswind /) Vortex generator
> N i } T
A I [I]hA,
Diff. 2°, 47, 6°, 8 —;— E /q—‘oi
i E Dy | ]
Cylindrical ! & U
tower model I = =l &l F
1 =
i =i =
H —_— [} sla T
[ L) & |
! =2 !
i & i
Test section floor : = Test section floor :
! !
(Calm air) : 10 (Calm air) :
i o i
i & [
D= 0320 |+ = i
—i— - i
" N o
600 &

Figure 4. General conditions of the wind tunnel experiment
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Figure 6. Width of diffuser-shaped vortex generators used in
the numerical model
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Figure 7. Diffuser-shaped vortex generators used in the
numerical setting: (a) 2°Diffuser-shaped vortex generator;
(b) 4<Diffuser-shaped vortex generator; (c) 6 °Diffuser-
shaped vortex generator; (d) 8 <Diffuser-shaped vortex
generator

The cylindrical-shaped tower is defined with a diameter D
of 0.32 m and a height h of 2.0 m, as shown in Figure 4. The
area used for measuring updraft velocity and pressure
coefficients is shown in Figure 5, with the width of the tower
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inlet set to Dout = D. All generators used in this study were
designed with three wind plates with the generator heights
(hvg) used in this study at D/2, D and 2D respectively, and had
a width of D/2 or 60=from the outlet center line in radius, as
seen in Figure 6. All of the wind plates were constructed in a
semi-open angle format, angled at 2< 4< 6< and 8< as shown
in Figure 7. Air properties were defined at a temperature of
20 <C, with a thermal conductivity of 0.02514 W/m K and
specific heat of 1007 J/kg K. Standard k-epsilon Turbulence
Model are 6x =1, 0, = 1.3, C;, = 1.44, C,. = 1.92 and C, = 0.09.

3. RESULTS AND DISCUSSION
3.1 Numerical models validation

Referring to the results conducted by Watanabe et al. [18],
which were obtained by comparing data from actual
experiments with those generated by fluid analysis software,
this study utilized this dataset to validate the reliability of the
numerical model. The experiment [18] involved the use of a
single-plated vortex generator with the same width as the
tower outlet. Consequently, the numerical model developed in
this study aimed to replicate conditions as closely as possible
to the actual experiment for enhanced reliability of the results.

The validation was aimed at validating the Turbulence
Model used in this study, and designate conditions for the
computational domain. The validation also looked at the
suitable computational mesh based on its element quality,
skewness, and orthogonal quality. A suitable wall function
designation that led to the least convergence problems of the
results processed by the Standard k-epsilon Turbulence Model
possible [22-26] was also under inspection. The results from
the simulation of the optimal node size, conducted for a
cylindrical tower without vortex generators, are shown in
Figure 8. This figure illustrates the relationship between wind
speed and node density. The study found that increasing the
number of nodes from 3.00E+06 to 5.50E+06 did not
significantly affect the wind speed. Therefore, a numerical
model was developed using approximately 3.00E+06 nodes
for all cases under investigation.
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Figure 8. Number of nodes used to achieve optimum mesh



Results from the Standard k-epsilon Turbulence Model
equation was displayed in Figure 9. Compared with the results
processed by the Large Eddy Simulation (LES) from
Watanabe et al. [18], it showed that the most usable set of data
for the comparison of the results is the set collected on the
tower without the vortex generator, shown in black circle-lined
shape symbols in the graph. A fit curve of the trend line of the
actual experiment was at 0.397U.,, while a fit curve from the
calculation based on the LES Turbulence Model (shown in
yellow circle-lined shape symbols in the graph) by Watanabe
et al. [18] and the results in this numerical model that used the
Standard k-epsilon Turbulence Model (shown in black colored
shape symbols in the graph) was at 0.316U.. Regarding an
updraft windspeed, the validation provided a similar
relationship between the velocity and the height of wind plates
as an actual experiment, even though it provided a lower wind
speed than an actual experiment. When comparing an updraft
windspeed increasing ratio between the tower without the
vortex generator and the tower with the D/2 height vortex
generator, numerical results showed that the updraft
windspeed increasing rate both in the numerical model and the
actual experiment had only a 2% difference. This can be said
that the numerical model used in this study was considered
reliable to use with the fluid analysis on the different vortex
generators, and aimed at calculating final results and the
fluidity increasing ratio assessment. When comparing with the
pressure coefficient shown in Figure 10, it can be said that the
pressure of the cylindrical tower without the generator and the
tower with the D/2 height vortex generator had a similar
decreasing ratio as the results process from the LES turbulence
model and the actual experiment by Watanabe et al. [18]. The
results led to the designation of the calculation domain and the
grid schematics used to design a numerical simulator of the
semi-open angle diffuser-shaped vortex generator without
actually constructing it as a costly experiment, which was
more suitable for this study’s condition.
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Crosswind speed U, (m/s)
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LES: Without vortex generator [ 18] LES: Vortex generator (D/2) [18]

@® K-E: Without vortex generator A K-E: Vortex generator(D/2)

Note: The filled signs showed the result from the numerical model, while the
lined signs showed the result gathered from the experiment.

Figure 9. The updraft windspeed in the cylindrical tower
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Figure 10. The pressure coefficient of the cylindrical tower

3.2 Numerical results of the updraft windspeed inside the
cylindrical tower

Comparisons between the updraft windspeed inside the
cylindrical tower without any vortex generators and with
diffuser-shaped vortex generators at any angle are displayed in
Figures 11-14. The results from those comparisons showed
that the 2<diffuser-shaped vortex generators at the heights
(hyg) of D/2, D, and 2D can enhance 24%, 43%, and 64% of
the updraft windspeed, respectively. The 4<diffuser-shaped
vortex generator at the heights of D/2, D, and 2D can enhance
26%, 46%, and 71% of the updraft windspeed, while the 6°
diffuser-shaped generator at the heights of D/2, D, and 2D can
enhance 27%, 49%, and 75%, respectively. The 8 <diffuser-
shaped vortex generator at the heights of D/2, D, and 2D can
enhance 28%, 53%, and 81% of the updraft windspeed,
making the 8 =diffuser-shaped vortex generator at the heights
of 2D the most suitable vortex generator to install with the
cylindrical tower. Results also showed that the higher updraft
windspeed enhancement was expected to be seen when the
diffuser angle was increasing.

Table 1. The increasing rate of the updraft windspeed of the
tower with the diffuser-shaped vortex generators

Types of Three- .
Directional Height Section Avergge Updraft
Area Windspeed
Vortex (hvg) (m?) Increasing Rate (w)

Generators

Without VG - - 0.316 U
Angle of 2 D/2 0.0289 0.387 U
Angle of 4< D/2 0.0294 0.395 U
Angle of 6° D/2 0.0299 0.399 U
Angle of 8< D/2 0.0304 0.404 U
Angle of 2° D 0.0588 0.446 U
Angle of 4° D 0.0607 0.459 U
Angle of 6° D 0.0627 0.469 U
Angle of 8< D 0.0648 0.481 U
Angle of 2° 2D 0.1214 0.514 U
Angle of 4° 2D 0.1291 0.535 U
Angle of 6° 2D 0.1370 0.551 U
Angle of 8° 2D 0.1451 0.567 U




From Table 1, it can be observed that the increase in cross-
sectional area is directly proportional to the significant
increase in updraft velocity.

3.3 Numerical results of the pressure coefficient inside the
cylindrical tower

Comparisons between the pressure coefficient inside the
cylindrical tower without any vortex generators and with
diffuser-shaped vortex generators at any angle at the 8 m/s
crosswind are displayed in Figures 15-18. The tower with the
generator can provide better low-air pressure than the tower
without the generator. In other words, the tower with the
generator can provide low air pressure throughout the tower,
with the updraft windspeed inside the tower increased due to
the lower pressure coefficient. This led to a better suction
updraft, and the suction updraft was seen to be improved in the
tower with the generator at the hyy heights of D/2, D, and 2D
respectively.
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Figure 11. The comparison of updraft windspeed generated
from the cylindrical tower without the generator and with a
2°Diffuser-shaped vortex generator
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Figure 12. The comparison of updraft windspeed generated
from the cylindrical tower without the generator and with a
4 °Diffuser-shaped vortex generator
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Figure 13. The comparison of updraft windspeed generated
from the cylindrical tower without the generator and with a
6 °Diffuser-shaped vortex generator
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Figure 14. The comparison of updraft windspeed generated
from the cylindrical tower without the generator and with an
8 °Diffuser-shaped vortex generator
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Figure 16. The comparison of the pressure coefficient
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Figure 17. The comparison of the pressure coefficient

generated from the cylindrical tower without the generator

and with a 6 °Diffuser-shaped vortex generator
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Figure 19. A numerical model of the streamline detected at
the tower without the vortex generator and with the different-
shaped generators at the 4 m/s crosswind speed

Therefore, this can be said that the pressure coefficient had
a relative relationship with the updraft windspeed, which
means that the diffuser-shaped vortex generator that improves
the updraft windspeed can be better in lowering the pressure
coefficient. The reason for the phenomenon was caused by the
crosswind that flowed to the generator. It led to a mass of
vortex at the outlet that caused the lower pressure throughout
the tower, as well as the improved suction updraft, shown in
Figure 19. At the generator’s height of 0.2 m, the coefficient
started to be stable before increasing at the outlet that had the
generator installed, making this height suitable for installing
the ventilator or electric production fans.

4. STREAMLINE AND PRESSURE COEFFICIENT
PATTERNS ON EACH VORTEX GENERATOR

The streamline generated from the numerical model of the
cylindrical tower without the generator and with diffuser-
shaped vortex generators at different angles at a crosswind
speed of 4 m/s is displayed in Figure 18, with the velocity
displayed in red lines, and the updraft windspeed displayed in
blue lines. According to the streamline model, the crosswind
at the outlet caused the suction updraft to be drawn to the tower
outlet. The vortex generator, meanwhile, helped add space
between the crosswind and the outlet, leading to a better
suction updraft. Visible vortex was seen with the tower that
installed the 8 <diffuser-shaped vortex generator at D and 2D
heights due to a better suction updraft, while the generators at
D/2 did not see any but the twisted streamline. Regarding the
vortex shape, the vortex started to be seen in the tower with
the 2< diffuser-shaped vortex generator at the D height,



showing the vortex happening lower than the outlet, and a
similar phenomenon was also seen in the 2D height generator.
More visible vortexes were seen while using the 4 <diffuser-
shaped vortex generator. More visibilities of the vortex and
heights of the vortex from the outlet were supposed to be seen
when the semi-open angle at 6=and 8< at the height at D and
2D.

As shown in a pressure coefficient pattern in Figure 19, it
can be seen that the vortex, seen as a blue-colored area, was
denser at the outlet due to lower pressure and appeared in a
darker shade in the pattern when the pressure became even
lower. The blue-colored area can also be seen throughout the
tower with the vortex generator due to the lower pressure
coefficient compared with the tower without it. The tower with
the generator at D/2 height had a wider suction updraft than
the tower without it, and the pressure tended to be lower when
the generator heights became higher at D and 2D. The pressure
was also lower when the semi-open angle became higher, and
the coefficient became stable at every crosswind velocity. The
observation on the tower with the 2D-height vortex generator
also showed that the lowest coefficient at the generator base
was due to the wind plates’ widened shape at the base, as seen
in Figure 20.

The results also showed that the updraft windspeed increase
was related to the height of the vortex generator. due to its
increasing wind-receiving surface area, led to a lesser impact
of wind at the outlet. The higher vortex generator led to better
updraft fluidity to the outlet because of the width difference
between the generator base and tip, in a similar fashion to the
results [9], which led to better updraft windspeed.

Pressure cocfficicnt

i T i
-0.500 -0.421 -0.341 -0.262 -0.182 -0.103 -0.024 0.056 0.135 0.214 0294 0.373 0.453 0.532 0.611 0.691 0.770 0.850 0.929

POAR( ¢

iffuser, 4°

fuser, 8°

Figure 20. An example of the pressure coefficient that can be
seen at the measurement spots of towers without the vortex
generator and with the different shaped generators at the 4

m/s crosswind speed

5. CONCLUSION

Developed from the experiment on a single square-plated
vortex generator [18], this study focused on developing three-
dimensional diffuser-shaped vortex generators that worked by
using crosswind energy to generate vortex at the cylindrical
tower outlet. The vortex was caused by the lower air pressure,
which led to a better suction updraft that led to a better updraft
windspeed. The diffuser-shaped generator led to a lower
surface area and updraft windspeed. However, it led to
maximized wind-receiving ability and more stable installation.
The following can be observed in the discussion:

(1) The diffuser-shaped vortex generator at 2D height can
maximize the updraft windspeed the most.

(2) The diffuser-shaped vortex generator and 2D can
maximize the most visible vortex at the outlet, with the vortex
in a smaller size can also be seen at the 8<diffuser-shaped
vortex generator.

(3) The most suitable for the three-dimensional diffuser
wind plates were at 8< with at least 81% of the updraft
windspeed being enhanced.

(4) The updraft windspeed increased when the semi-open
angle becomes higher, and the semi-open angle can be
increased to be higher than 8 <used in this study.

(5) An increase in cross-sectional area is directly
proportional to the significant increase in updraft velocity,
which is inversely proportional to the decrease in pressure
coefficient.

The idea of using crosswind energy to save energy used for
cylindrical tower ventilation systems is interesting and open
for further development in the following discussions. The
suggestions for those would be to focus on the various heights
of the diffuser-shaped vortex generator that are related to the
diffuser angles, which can lead to a system that can be installed
in limited spaces and is most valuable in cost as well.
However, further studies are needed on vortex generators with
larger half-open angles and the effects of three-directional
wind-catching plates. Additionally, the impact of varying
ratios when these are installed on towers of different sizes may
affect the updraft velocity. Wind tunnel testing is also essential
to validate the results obtained from numerical simulations.

Furthermore, for practical applications, the structural
integrity of the tower must be considered. Excessive half-open
angles and heights of the vortex generators could directly
affect the strength of the tower. The selection of the
appropriate number of directions for the wind-catching plates,
tailored to the seasonal winds of the specific terrain, is also
crucial, as this influences the determination of the optimal
plate width for achieving the best updraft performance.
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APs
U.
P
Ui
P«
Py
Sk

Cls
CZE,‘

diameter of cylindrical tower, m

updraft speed, m.s*

static pressure difference, kg.m

pressure coefficient

flow velocity of crosswind, m.s

static pressure at the evaluated point, kg.m2
static pressure in the freestream, kg.m2
specific turbulent kinetic energy, m2.s?
incident free-stream airflow, m.s*
production of turbulent kinetic energy
production of turbulent Kkinetic energy due to
buoyancy

user-defined source

constants in the conventional k-epsilon
constants in the conventional k-epsilon
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Cj’a

constants in the conventional k-epsilon

Greek symbols

p fluid density, kg.m

8 turbulent or eddy viscosity, kg m.s?
o constants in the conventional k-epsilon
Oc constants in the conventional k-epsilon
€ dynamic viscosity, kg.m=.s*
Subscripts

CFD  computational fluid dynamics

LES  large eddy simulation

EXP  experiment

VG vortex generator





