Al-Nahrain Journal for Engineering Sciences NJES 27(1)46-53, 2024
doi.org/10.29194/NJES.27010046

http:

/\%9)

Numerical Simulation of Performance Enhancement of Solar

Authors affiliations:

1*) Department of
Mechanical, College of
Engineering, Al-Nahrain
University, Baghdad, Iraq

ayad.t.mustafa@nahrainu
niv.edu.iq

Paper History:
Received: 14t Dec.2023

Revised: 6 Jan. 2024

Accepted: 8" Apr. 2024

1. Introduction

The energy from the sun that reaches the Earth can
be harnessed in two ways: through the conversion of

Vortex Engine

Ayad T. Mustafa"”

Abstract

The solar vortex engine (SVE) has been investigated to generate power
using renewable energy. The SVE was constructed from a vortex generation
engine (VGE) and solar air collector (SAC). The SVE system primarily utilizes
vertical air movement. However, the airflow entering the VGE experiences an
obstruction. The purpose of this paper is to propose a new design for the VGE
that creates a swirling updraft capable of overcoming air obstruction and
reducing energy losses. A 3D numerical model of VGE was developed to
visualize vortex generation. The modeling of the VGE is carried using
SOLIDWORKS software and ANSYS-FLUENT 18. The improved VGE has
six vertical twisted convergence blades connected to six guide vanes to direct
updraft air in an anticlockwise switl. All blades and vanes are housed in a VGE
cylinder with a diameter of 20cm and a height of 30cm. The simulation results
were validated by comparing with the results obtained from the present
experimental model. The simulation results match with a mean difference of less
than 5% with the experimental measurements. The results of the current CFD
investigation indicate that there is a gradient in air temperature and pressure
within the VGE, ranging from the highest values of 314 K and 3.85 Pa to the
lowest values of 308 K and 2.42 Pa, respectively. The CFD visualization shows
a threefold increase in axial velocity and a fivefold increase in tangential velocity
within an artificial vortex. Therefore, it can be concluded that the new VGE
construction is highly efficient in generating a vortex.

Keywords: Solar Vortex Engine, Performance Enhancement, Vertical Twisted Blade,
Updraft Airflow, Artificial Vortex.
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sunlight into electricity with PV panels; or by using
solar thermal radiation for various purposes such as
heating, air conditioning, distillation, drying, and
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power generation with flat and concentrating
collectors. The solar updraft tower power plant,
SUTPP, has developed to produce electricity, but its
construction requires a significant investment. The
SUTPP, also known as solar chimney technology, was
designed using atmospheric air as a working fluid in
conjunction with a low-temperature thermal collector.
Another technique called atmospheric vortex engine,
AVE, was presented to generate electricity. The AVE
utilizes a sequence of heat exchangers to produce a
swirling updraft of air by transferring heat to air, but
unfortunately, it relies on the use of fossil fuels.

The solar vortex engine, SVE, has developed as a
solution to address the limitations of using SUTPP and
AVE for generating power from renewable energy
sources. The SVE is a practical thermal system that
shows promise as a carbon-free alternative for
electricity generation. This modern method utilizes a
vortex akin to a tornado that is artificially created to
convert thermal energy into mechanical energy while
air moves upward due to convection. Powerful airflow
has generated through upward heat convection, which
is achieved through the conversion of heat into work.
This process involves temperature differences and
heat transfer [1].

Michaud proposed two methods to calculate heat-
to-work conversion for updraft swirl air (convective
vortices). The first method [2] utilizes the average
temperatures at which heat is received and given up.
The second method [3] involves multiplying the
entropy by the temperature at the position of the work
dissipation. Different theories have proposed to
describe the convective upward vortices; such as, the
strength of convective vortices is determined by the
depth of the convective layer, which is influenced by
both the thermodynamic efficiency and the enthalpy
perturbation present within them [4]. On the other
hand, Renno et al. [5] demonstrated the strength of a
vortex can be determined by the contrast in
temperature and water vapor levels between the outer
region and the central area of the convective vortex.
Another concept shows the use of Bernoulli integral
to describe the circulation of a stationary axisymmetric
tornado with condensing water vapor in the air
streamlines [6]. Also, “gravitational vortex column”
describes the stratification of heated moist air available
in the atmosphere in a gravitational field [7].

The SUTPP comprises of three main components:
the solar air collector, the updraft tower, and the wind
turbine. The solar air collector heats the air, which is
then extracted through the updraft tower, ultimately
generating power using the wind turbine. Koonsrisuk
et al. [8] discretized the continuity, momentum, and
energy equations mathematically for airflow under the
transparent roof to obtain data on the temperature and
pressure exiting the solar collector. Bernardes et al. [9]
analyzed the temperature increase in a solar collector
by treating it as a cavity between two parallel plates and
using an iterative technique. Li et al. [10], Sangi [11],
and Pasumarthi et al. [12] use the thermal equilibrium
equations, along with various ambient conditions and
structural dimensions, mathematically in the solar
collector to estimate the power output of SUTPP.
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The solar air collectors were investigated in various
methods. Mustafa and Ayad [13] conducted a
simulation using ANSYS-FLUENT software to study
the movement of heated air under a tilted circular roof
of the solar collector. The simulation revealed that as
the tilt angle increased from 0° to 20°, the air velocity
increased, and the airflow temperature decreased due
to changes in the airflow movement. Additionally, a
high decrease in airflow temperature was observed
when the inlet height increased from 0.1m to 0.25m.
Mohammed and Ayad [14, 15] conducted an
experimental study on the thermal behavior of hot air
in an inclined solar air collector. They tested the
temperature distribution in the collector and designed
a test rig based on a length-to-height aspect ratio of 6
and 12, with a collector height of 0.1 m and 0.2 m. The
results showed that as the distance along the collector
plate increases, the temperature stratification increases,
and the thermal layers thickness increases with the tilt
angle changes from 30° to 75°. The reason dates back
to the increase in the buoyancy force of the hot air over
the absorber. New relationships have been established
to describe the thermo-hydrodynamic characteristics
of natural convection flow. These relationships
consider the effect of solar radiation and the buoyancy
effect on an inclined solar absorber plate [16]. A
circular solar air collector has modeled mathematically
and experimentally. The developed MATLAB code
was used to solve the mathematical model based on
the continuity, momentum, and energy equations, and
was verified using data from an experimental model.
The results show, when the solar radiation remains
constant, an increase in airflow, canopy, and ground
temperatures when the collector radius decreases; and
an increase in airflow and canopy temperatures when
the slope of the canopy increases. The solar air
collector in the present study has been used to backing
the vortex generator in the solar vortex engine system
[17].

The design, measurements, and evaluation of the
solar vortex engine (SVE) have been presented. The
SVE consists of a solar air collector (SAC) and a vortex
generation engine (VGE). Heated air is entering the
VGE via curved vanes that support a rotational
motion. The results demonstrated that the SVE
generating a swirling air with tangent-to-axial velocity
ratio of 7.5 at the VGE exit hole [18]. The techniques
generation of artificial convective vortices were
reviewed. The SVE is reveal a promising system, as
one of the artificial vortex generator, for electrical
power generation by utilizing solar energy [19, 20].

The VGE was simulated using CFD analysis to
realize the artificial vortex as a 3D turbulent flow. The
findings showed that a decrease in the diameter of the
VGE exit hole from 0.9 m to 0.3 m increases the
strength of the generated vortex [21]. Pritam and
Chandramohan [22] investigated and visualized the
vortex generated in the SVE using the ANSYS-
FLUENT software, where their findings supported
the results obtained by Al-Kayiem et al. [21]. The
visualization reveals that the updraft vortex was
remarkably enhanced when the exit hole diameter was
increased from 0.2 m to 0.5 m. Also, the vortex
generation is crucially improved by increasing the air
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velocity entering the VGE. The results denote that
SVE can replace the solar chimney of SUTPP in
electricity generation. Another experiment was tested
the SVE with a PV panel to generate power. The
integrated system produced a switling air with a
tangent-to-axial velocity ratio of 2.83. The results
showed that the thermal efficiency of the present
system decrease significantly in the presence of a PV
panel. The highest thermal efficiency of 45% was
obtained when the PV panel was absent [23]. Al-
Kayiem et al. [24] simulated numerically the
performance of the SVE compated to its basic design
by adding a cone structure inside the VGE. The results
showed that the basic SVE design better than the
conical SVE structure. On the other, the influence of
air humidity on artificial vortex generated in the SVE
system is investigated. The results demonstrated high
importance of humidity in the working fluid while
analyzing the properties of the vortex field. When the
moisture in air increases, the power produced from the
SVE decreases due to a decrease in the pressure drop
[25].

In conclusions, the status of SVE, AVE, and
SUTPP was investigated. To address the challenges
posed by the chimney in SUTPP and the fossil fuels
used in AVE, SVE has been developed to generate
electricity using renewable energy. The fundamental
idea of hot airflow in the SVE system is to move
vertically. However, the previous SVE's design had
horizontal airflow inlets to the vortex generating
engine. This change in airflow direction obstructs the
system's air movement, causing a loss of energy from
the rising air. The purpose of this paper is to improve
the vortex generating engine (VGE) structure by
creating a swirling updraft that allows the air to move
vertically without obstruction.

2. Numerical Simulation
2.1 Configuration model and mesh
generation

The modeling of the VGE is carried using
SOLIDWORKS software and subsequently the mesh
is imported to ANSYS-FLUENT 18 for solving and
post processing. The improved configuration of the
VGE has six vertical twisted convergence blades that
arrange around an inverted vertical cone, as shown in
figure 1(a). Each two vertical twisted convergence
blades works as a nozzle for the updraft hot air passing
through it. Then each vertical twisted convergence
blade connected with a guide vane to direct the updraft
air in an anticlockwise switl direction, as shown in
figure 1(b). The height of the vertical twisted
convergence blade and the guide vane is 15 cm and 8
cm, respectively. All the blades and vanes have
embraced in the VGE cylinder with a diameter of 20
cm and height of 30 cm. Also, the cylinder of the VGE
has an upper hole with 12 cm in diameter, and
connected with a 30 cm height test region of the
generated vortex from the top.

In order to compare and evaluate the new design,
the design of the previous VGE model is shown in
figure 2. The previous model had eight inlet gates that
allowed airflow to enter the VGE horizontally.
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Numerical simulation of swirling flow requires
high-quality mesh with a gradient towards the center.
The grid interval selection depends on the mesh size
and complexity. The global mesh size tested for the
VGE model and the test region is (0.1, 0.3, 0.5, 0.8,
and 1.0) cm, which represent the maximum size of any
side of a triangle or tetrahedron across the whole
mesh. The shell meshing parameters that used are All-
Tri mesh type, and Patch Independent mesh method.
Also, the volume meshing parameters are
Tetra/Mixed mesh type and Delaunay mesh method.
The mesh quality for the best parameters of the
findings obtained is the total elements of 2147504 for
the size of 0.5 cm, orthogonal quality of 0.4 —0.95 with
percentage of (0.1% - 78.8%), and aspect ratio of 1.7 -
7.1 with percentage of (82.3% - 0.2%). Then, the mesh
was written out in the format used by FLUENT for
solving process.
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Figure (1): Design of the present VGE model
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Figure (2): Design of the previous VGE model
2.2 Parameters of the CFD simulation

The parameters used in the CFD simulation are
obtained from the measured data by Mustafa [1] at
entry slot of the VGE. The fundamental design of the
VGE was established and evaluated by Mustafa [1],
which  was followed by other researchers'
investigations for the same design. The input
parameters to the VGE in the current study are the air
temperature and the flow velocity with values of 314
K and 0.5 m/s, respectively [1, 21]. Also, the ambient
air temperature and density are 303 K and 1.1614
kg/m3, respectively. Numerical simulation of the
VGE was carried out successfully by results compared
with experimental measurements.
2.3 Numerical simulation methods

The model of the VGE with the test region was
simulated in steady, compressible, turbulent and
viscous flow field. Numerical method employed for
CFD simulation of the VGE model consist of
“pressure — based” solver applied in solution,
“pressure — velocity coupling” scheme used in solving
the flow problem in a segregated manner, and
advanced viscous RNG k-e model. RNG k-¢ viscous
model and the turbulent viscosity modification for the
swirl effects are enabled to simulate the vortex field
generated by the VGE. The conservation equations in
cylindrical coordinates are adopted, which are
continuity, Navier-Stokes, and energy. The boundary
conditions used in the simulation are velocity-inlet for
the down circle of the VGE, outflow for the top circle,
and no-slip stationary wall for the surfaces of the VGE
and the cylinder.

3. Experimental Setup

Structurally, the SVE comprises of main two parts;
the SAC and the VGE. Wherefore, thermal-
hydrodynamic process of air behave as a free
convection flow in 1D direction in the SAC, whilst
behave as a 3D convection flow in cylindrical
coordinates in the VGE. The design and evaluation of
the SVE model was demonstrated by Mustafa [1] and
Al-Kayiem et al. [18].

The function of the VGE is to generate a 3D
updraft switl airflow, which extracts air from the base
of the VGE and extends upward in the test region.
Hence, the new design incorporates six vertical twisted
convergence blades with air guide vanes to create a
powerful vertical airflow in a swirling motion. The
designed model of the VGE was manufactured using
3D printer with the material of PLA (Polylactic acid).
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The dimensions of the VGE cylinder are 20 cm in
diameter and 30 cm in height. The height of the
vertical twisted convergence blade and the air guide
vane are 15 cm and 8 cm, respectively. The curvature
length of the air guide vane is 10 cm, and the distance
between each two opposite air guide vanes is 12 cm,
which represents the circular arena of the generated
vortex. An upper hole with a diameter of 12 cm was
included in the VGE to allow the generated vortex to
exit into the test region. A flat plate SAC was used to
heat the air entering the VGE, as shown in figure 3.

F

)~

Figure (03): Small model of the VGE and the flat
plate SAC

4. Results and discussions:

Results of temperature, pressure and velocity
gradients of vortex generated in the VGE and test
region will be presented and discussed in this section.
Numerical results were computed at a temperature and
velocity of ait entering the VGE of 314 K and 0.5 m/s,
respectively, to compare with the results obtained by
Mustafa [1] and Al-Kayiem et al. [21]
appropriate.

Results of total temperature distribution are shown
in figure 4(a). The simulation indicates an increase in
air temperature as the VGE radius decreases from the
engine wall, followed by a decrease towards the vortex
center. Then, the temperature is distributed upward
through the upper hole and extended vertically in the
test region. The air temperature is gradient from the
highest temperature of 314 K at the base of the VGE
to the low temperature of 308 K at the back corner of
the vertical twisted convergence blade. When
comparing the results of the present study with the
results shown in figure 4(b), it discloses that the
temperature shown in figure 4(b) is distributed from
314 K to 308 K at the VGE center, while it is
distributed from 314 K to 311 K at the VGE center
shown in figure 4(a). Hot air exiting the SAC floats
vertically into the VGE where it is forced by the
vertical twisted convergence blades and guide vanes to
twist and generate an updraft vortex. The enthalpy of
the hot air has converted into kinetic energy that forces
the air to form on the vanes’ surfaces as the
temperature decreases. The decrease in temperature
difference that transformed into dynamic switling air
indicates the high efficiency of the new VGE
construction compared to the VGE construction
presented by Mustafa [1] and Al-Kayiem et al. [21].

Contours results of pressure gradient within the
VGE are shown in figure 5(a). The results indicate an
increase in air pressure as the VGE radius dectreases
from the engine wall, followed by a decrease towards

where
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the vortex center. Then, the pressure is distributed
upward through the upper hole and extended vertically
in the test region. The air pressure is gradient from the
highest pressure of 3.85 Pa at the base of the VGE to
the low pressure of 2.42 Pa at the central core of the
vortex generated. When comparing the results of the
present study with the results shown in figure 5(b), it
reveals that the pressure shown in figure 5(b) is
distributed from 2.81 Pa to 0.135 Pa at the VGE
center, while it is distributed from 3.85 Pa to 2.42 Pa
at the VGE center shown in figure 5(a). The decrease
in pressure difference that transformed into dynamic
switling air indicates the high efficiency of the new
VGE construction compared to the VGE
construction presented by Mustafa [1].

Total Temperature
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Figure (4): Contours of temperature distribution
within the VGE for (a) present study, (b) Mustafa [1]
and Al-Kayiem et al. [21]
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Figure (5): Contours of pressure distribution within
the VGE for (a) present study, (b) Mustafa [1]

Results of tangential velocity distribution within
the VGE are shown in figure 6(a). The figure cleatly
shows twisted air generated between the guide vanes
which extended vertically through the upper hole to
the test region. The tangential velocity increase from
0.254 m/s near the engine wall to the maximum value
of 1.33 m/s when radius of the VGE decreases, then
tangential velocity decrease toward the centerline
when radius of the VGE decreases. Figure 6(a) clearly
shows that the air accumulated within swirling arena
between the guide vanes, which extended upward in a
vortex. Also, figure 6(a) shows a weak tangential
velocity occurred in the centerline of the VGE that
represent the eye of the vortex generated. It was
noticed from figure 6(a) that, some small tangential
velocity in inverse direction motion at the back of the
guide vanes which could date back to the small value
of air velocity entering the VGE. When comparing the
results of the present study with the results shown in
figure 6(b), it reveals that the tangential velocity shown
in figure 6(b) is distributed from 0.291 m/s to 1.11
m/s, while it is distributed from 0.254 m/s to 1.33 m/s
as shown in figure 6(a). The difference in tangential
velocity gradient indicates the high performance of the
new VGE construction compated to the VGE
construction presented by Mustafa [1] and Al-Kayiem
etal. [21].
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Figure (6): Contours and vectors of tangential
velocity distribution within the VGE for (a) present
study, (b) Mustafa [1] and Al-Kayiem et al. [21]

Results of axial velocity distribution within the
VGE are shown in figure 7. The figure displays the
flow velocity structure inside the VGE, which is
directed upward and maximize at the upper hole and
the test region. The numerical simulation
demonstrates air movement from the engine base
toward the upper hole, with inverse air movement at
weak regions in the corners of the test region. The
reason dates back to the small value of air velocity
entering the VGE, which can be overcome by using
high air entry velocities. The maximum axial velocity
value of 1.6 m/s revealed a more than threefold
magnification of the air velocity as it entered the VGE.
Based on the analysis of the airflow behavior and the
air velocity components, it can be concluded that the
new VGE construction is highly efficient in generating
a vortex. The simulation results provide a good
estimate of the engine design parameters.
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Figure (7): Contours and vectors of axial velocity
distribution within the VGE and test region

4.1 Validation of CFD simulation

The air temperature results at a height of 23 cm
obtained from the CFD simulation of the VGE were
validated by comparing them with the experimental
results obtained from the present experimental model
at the inlet velocity and temperature of 0.1 m/s and
40.2 °C, respectively; and solar radiation of 605 W/m?

The results of simulations and experiments
conducted to measure the air temperature inside the
VGE at a height of 23 cm are presented in figure 8.
The mean percentage difference between the
simulation results and experimental measurements is
less than 5%. The figure clearly shows that the air
temperature increases as the VGE radius decreases.
This is due to the air being accumulated within the
swirling arena between the guide vanes, which extends
upward in a vortex.

IS
[

Air Temperature ("C)
IS
)

35
30
25
S 2 4 6 8 10
Center Radius of VGE (cm)
Of VGE ~ em@==Experimental e CFD Simulation

Figure (8): Validation of air temperature within the
VGE

5. Conclusions

The CFD investigation of the flow field in the
VGE that utilizes solar energy has conducted, and the
results were validated through experimental
measurements. The ANSYS-FLUENT 18 software
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was used to perform CFD simulation on the vortex

field in the VGE. The following conclusions have

drawn from the simulation investigation:

1. New design of vertical air movement inside the
SVE has been presented and visualized.

2. The enthalpy of the hot air has converted into
kinetic energy that forces the air to generate an
updraft vortex on the vanes' surfaces as the
temperature decreases.

3. The CFD visualization shows a threefold increase
in axial velocity and a fivefold increase in tangential
velocity within an artificial vortex.

4. The results demonstrate the high efficiency of the
new VGE construction in generating a vortex, as
indicated by the gradient in temperature, pressure,
and tangential velocity.

5. The air temperature and pressure are gradient
within the VGE from the highest values of 314 K
and 3.85 Pa to the low values of 308 K and 2.42
Pa, respectively.

6. The match between the simulation results is
acceptable compared with the experimental
measurements. The mean percentage difference
between the simulation results and experimental
measurements is less than 5%.
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