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Abstract

The solar vortex engine as a clean power generator is studied from various
aspects, including the flow structure analysis and the influence of some design
parameters on the system performance. However, the effect of the top cover plate
material has yet to be studied but is recommended to be investigated. Hence, this
paper investigates the effect of the cover plate material type on the system
performance. The investigations are performed experimentally and numerically.
The results demonstrated that selecting the transparent material would improve
the system's performance. When the cover plate is made of Perspex, the air
temperature rises 7 °C compared to the case of the Aluminium cover plate
maximum. In addition, the system's performance indicator increases
significantly, using Perspex as cover plate material, compared to having a plate
made of Aluminium. Higher heat flux has been observed inside the vortex
generator arena, which increases the air temperature. In the case of the
Aluminium cover plate, the mean heat flux and mean air temperature in the arena
are about 2500 W/m? and 314 K, respectively. They are increasing to 3700 W/m?
and 321 K in the case of the Perspex cover plate. As a result, the system's overall
performance is enhanced when a Perspex cover replaces the Aluminium top
cover without adding any additional cost to the system.

Keywords: Artificial vortex, Heat trap, Solar updraft, Solar vortex engine, Solar
vortex power plant, Vortex generator.
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1. Introduction

The first successful SCPP prototype was constructed in Manzanares / Spain, in the
1980s using cheap materials and a simple design with a single wind turbine [1, 2].
The problem realized in evaluating the Manzanares pilot and many other models is
the low efficiency caused mainly by the chimney tower. The construction of a feasible
SCPP requires a complex tall chimney that consumes most of the project's capital. A
proposal was made by Michaud [3] to use artificial vortices generated from solar
energy to produce electricity that could produce mechanical work equal to the
Convective Available Potential Energy [4-6]. The SVPP removes the tall chimney
and replaces it with an air vortex column that can produce mechanical energy through
a wind turbine. As a result, the idea was integrated into the solar chimney, and
multiple patents were presented for solar vortex power plants (SVPP) [7-12].

The proposed SVPP designs all use guide vanes to create the vortex flow. In
most of these plant designs, the guide vanes were proposed to be situated below the
solar collector canopy with the air vortex leaving from the center of the collector
[13-20]. However, Al-Kayiem and Mustafa [11] proposed a different design in
which curved guide vanes are housed inside a short cylindrical structure installed
at the center of the solar collector, creating an air vortex. The plant design was
named the solar vortex engine (SVE). The idea is practical as the simple and short
vortex generator replaces the expensive and challenging tall chimney, which solves
the most important problem solar updraft technology faces.

Multiple studies were presented to improve the SVE concept. Al-Kayiem et al.
[21] proved the capability of the SVE in successfully producing an air vortex column
using a small outdoor prototype with a solar collector diameter of 8.8 m and a vortex
generator that is 1.0 m in diameter and 1.0 m in height. Other studies focused on
improving the performance of the SVE by introducing multiple modifications to the
system's components. Al-Kayiem et al. [22] enhanced the system's performance and
prolonged its operation by adding black-panted pebbles to the ground. The pebbles
increase the absorptivity of solar radiation and work as a thermal energy storage
material that provides heat to the air at low solar irradiance times.

On the other hand, Ismaeel et al. [23] used computational fluid dynamics (CFD)
simulation to increase the height of the air entry slots and guide vanes inside the
vortex generator, which proved to be fruitful as the intensity of the air vortex was
greatly enhanced. Das and Chandramohan [24] conducted another CFD simulation
in which they varied the number of entry slots and guide vanes from 6 to 12 with
intervals of 2. They found that 8 entry slots and guide vanes performed best among
the investigated cases. In addition, Al-Kayiem et al. [25] and Das and
Chandramohan [26] investigated the effect of the outlet hole diameter on the
properties of the air vortex.

The material type of the upper cover plate of the vortex generator has yet to be
investigated despite being a possible influential parameter. In this study, experimental
and numerical analysis has been performed to assess the influence of the top cover
plate material on the performance of the SVE. The cover effect is investigated using
two different types of materials: Aluminium as an opaque material and Perspex as a
transparent material. The current work aims to analyze the enhancement caused by
changing the top cover material from opaque to transparent, which creates a second
heat transfer mechanism without additional costs.
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2. Methodology

The current research adopts two methods of analysis. First, an experimental model
is used to evaluate the effect of the top cover material and obtain input data for the
CFD simulation. Then, the CFD simulation completes the picture by presenting a
visualization of the top cover's effect that cannot be obtained experimentally.

2.1. Experimental Procedure

The SVE experimental prototype constructed at the solar site in Universiti
Teknologi PETRONAS, Malaysia, is shown in Fig. 1. It consists of a solar collector
with an 8.8 m diameter and a 1 m high and 1 m diameter vortex generator. The
solar collector is tilted at 8.8° and has inlet and outlet heights of 0.15 and 0.8 m,
respectively. A transparent bounding structure is installed above the vortex
generator to protect the air vortex from crosswind. The ground is covered with
black-painted pebbles to increase the absorptivity of solar radiation and store
thermal energy that is released when needed. The canopy of the solar collector is
made of multiple Perspex sheets held on steel structures to form a large circular-
shaped cover. The outer wall of the vortex generator is covered with thermal
insulation to minimize heat loss.

Bounding Transparent
structure
Thermal insulation

Vortex generator

Solar collector canopy

Black-painted pebbles
TES

Fig. 1. Experimental prototype of the solar vortex engine.

The vortex generator design is shown in Fig. 2 schematically as an explosion
drawing. It is made from two concentric Aluminum cylinders. The outer cylinder
is 1 m in diameter and height and is opened from the bottom. The inner cylinder
has a diameter of 0.9 and a height of 0.6 and is covered from the top and bottom.
Eight entry slots of 0.3 height and 0.1 m width are distributed around the perimeter
of the inner cylinder. Each slot is followed by a 0.35 m long curved guide vane
having the same height as the entry slot. The vanes are tilted at an angle of 25°.

The top plate that covers the outer and inner cylinders has a central 0.3 m
diameter hole to allow the air vortex to exit the system. The top cover was initially
made from Aluminum, while the current modification changes its material to
Perspex. The Perspex is a transparent material that allows solar radiation to reach
the interior surfaces of the vortex generator and further heat the air inside the vortex
generation arena.

Air temperature at the outlet hole and the different temperatures of the system's
surfaces were measured using type-J thermocouple wires. The thermocouples were

Journal of Engineering Science and Technology = December 2023, Vol. 18(6)



An Assessment of The Effects of the Top Cover Plate Material on the . . .. 3007

connected to a GRAPHTEC GL820 data logger device to display and store the
measured data. The air velocity at the outlet hole was measured using a KIMO-
AMI 300 digital reader with a hotwire probe. As for the incident solar radiation, it
was measured using a KIMO-SL 200 solarimeter instrument. Further details of the
measurement instrument are presented in Table 1.

J:i ﬂ » Bounding structure

Top cover plate

Inner cylinder
(Vortex generation arena)

Outer cylinder
{Insulated)

Fig. 2. Schematic sectioned view on the
geometrical design of the vortex generator.

Table 1. Measuring instruments.

Parameter Instrument Range Accuracy
i 0,
Incident solar KIMO-SL 200 solarimeter 1to 1300 £5% of
radiation Wim reading
o +0.05% of
Surface and air LG?PHTEC G —200 to reading
temperature o %g e-J thermocounle wires 1100°C ® +2.7% of
yp P reading
Air velocity KIMO-AMI 300 digital reader 0.15t0 30 +3% of
with hot wire velocity probe m/s reading

2.2. Numerical simulation

The CFD simulation was performed using ANSYS Fluent software. The two
experimented cases have been re-produced as computational models and simulated
by solving the relevant governing equations and adopting the experimental data as
boundary conditions.

2.2.1. Computational modeling

The inner cylinder of the vortex generator and the exterior bounding structure were
considered in the simulation. The fluid domain represents the system's geometry,
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and all walls are given zero thickness. The computational domain is shown in Fig.
3. The details of the geometrical parameters are shown in Table 2.

ansparent bounding
structure

|t Vortex exit hole

.—— Upper cover plate

// : %
"\ \
/ 0.000 0.500 1000(m) | Ajrflow from
0.250 0.750 collector to the VG

Fig. 3. The computational model of the simulated vortex
generator and the vortex region after exit from the upper cover hole.

Table 2. Details of vortex generator parameters.

Parameters Value
Height of Transparent Bounding Structure 0.6m
Height of Vortex Engine Generator 0.6m
Height of Outer Cylinder + Insulation 1m
The diameter of the outer cylinder 1m
The diameter of the inner cylinder 09m
Air entry slots:

Number 8
Height 0.3m
Width 0.1m

2.2.2. Mesh generation and independency check

The computational domain meshed with unstructured tetrahedral cells. A mesh
independence test was conducted by taking different mesh sizes. The default
maximum cell size provided by the system (ANSYS Fluent) was used as a
reference, and further meshing was done by decreasing the cell size and face mesh
size. The aspect ratio, number of nodes, and elements were recorded for analysis
and selection. The percentage of differences between the current velocity value and
the previous velocity value was calculated to determine the stability of outlet
velocity. Many reduced default mesh parameters have been tested to address the
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effect of mesh size and cell quality on the velocity results. The results of various
tests are shown in Table 3.

Table 3. The mesh independency checking by selected meshes with various
element sizes and numbers, with the resulting velocity prediction at the exit hole.
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5 Fine High 2 6 6 39518 28254 1.85 4.8
6 1

Fine  High 5 5 40203 32243 1.87 1.1

Fine mesh with high smoothing has been selected to perform the simulations
and result from interpretation. The number of cells is 200128, with 28254 iterations
compromising the computational time and accuracy of results. The selected mesh
has cells with an aspect ratio of 2.18 and 0.762 skewness, 0.83 orthogonally, and
39518 a number. The final meshed model is shown in Fig. 4.

0.000 0450 0.900 (m)
O — )

0.225 0675

Fig. 4. Meshed model of the VG and outer vortex region.

2.2.3. Governing equations and boundary conditions

The Semi Implicit Method for Pressure Linked Equation — Consistent (SIMPLEC)
algorithm was applied with a second-order discretization for pressure, momentum,
and energy. ANSYS Fluent uses the finite volume method to solve the governing
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equation. The general terms of the continuity, momentum, and energy equations
are presented as follows [27]:

Conservation of mass:

<6u 6v+6w> 0 |
dx 0dy 0z (1
Conservation of momentum:
Op 0Ty 0Ty, 0Ty
paxl( D= =5t o oy T 5 @)
ap 61,0, 0Ty, 0Ty
( J) Ox ay + 0z +Sy (3)
ap 0Ty, 0Ty, 07,
(uk) 62 0x + dy + 0z 5z “)
Conservation of energy:
c <a(uT)+6(vT) 6(wT)> . 92T aZT+a AT S
PP\ "ox dy 0z 0x2  dy?  0z2 E )

The Boussinesq approximation is adopted, which calculates the buoyancy term
of the momentum equation from the following equation [27]:

p = po(1— BAT) (©)

In this study, the RNG (&-¢) turbulence model was adopted. The turbulence
Kinetic energy (%) and its dissipation rate (&) in the RNG model are calculated from
the following transport equations [27]:

d 0

ok
/Ja—xi(kui) = a—x]_<ak#effa—xj) + Gy + G, — pe — Yy + S @)

2

6 de £ £
S (Su ) = enueffa + GlsE (G + C5.Gp) — CZEP? - R, + S, (8)
]

The Discrete Ordinates (DO) radiation model has been applied to represent the
solar radiation load passing through the transparent Perspex to heat up the air inside
the vortex generator. The amount of radiation is highly dependent on the solar
insolation available, and its value was obtained from the solar calculator available
in ANSY'S Fluent by inputting the solar irradiation in W/m?2.

The boundary conditions considered for the simulation cases are presented in
Table 4. Input data for the boundary conditions are taken from the experimental
measurements. The ambient air temperature is 314 K. Like the experimental
analysis, two simulation cases were considered with Aluminium and Perspex top
covers. The Aluminium was treated as opaque, while the Perspex was considered
semi-transparent.
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Table 4. The adopted boundary conditions for the simulation cases.

Component Boundary condition Value

. I V=0.7mls
Air entry slots Velocity inlet T=322K
Outlet from bounding structure Outflow -
Bounding structure walls Wall T=315K
Inner cylinder walls Wall T=325K
Guide vanes walls Wall T=325K
Top cover
Aluminium Wall T=316 K
Perspex Wall T=322K

The computational procedure is summarized in the flow chart in Fig. 5. It shows
the starting of the procedure with input variables illustrated in Table 4 and the
sequence of solutions till reaching the set convergence conditions.

START

P

[ Predict properties.

Solve energy, species, and
turbulence.

Solve Sequentially [
(continuity) equation. ]

Update mass flux, pressure, a
and velocity

[ Solve pressure-correction

Converged

:

Fig. 5. The computational procedure flow chart.

3.Results and Discussion

3.1. Validation of simulation results

The CFD procedure is validated by comparison with experimental data acquired from
similar systems. Two cases have been considered for validation: with an Aluminium
cover plate and with a Perspex cover plate. The temperature and velocity have been
considered for the comparison. The results of comparisons are presented in Table 5
for the case of the Aluminium cover plate and in Table 6 for the case of the Perspex
plate. The error percentage between the experimental and simulation results for the
outlet air velocity and temperature is 5.2% and 8.0%, respectively. This is an
acceptable accuracy, especially for such complex flow systems.

Table 5. Validation with Aluminium cover plate, Case-1.

Case

Air Outlet Temperature

Air Outlet Velocity

Experiment Case-1 44.55°C
Simulation Case-1 41°C
Percentage Difference 7.97%

1.45 m/s
1.32 m/s
8.97%
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Table 6. Validation with Perspex cover plate, Case-2.

Case Air Outlet Temperature Air Outlet Velocity
Experiment Case-2 52.75 °C 2.11m/s
Simulation Case 2 50 °C 2.2mls
Percentage Error 5.21% 8.05%

3.2.Experimental results

The results of the measurements have been handled to compare the two cases,
Aluminium and Perspex cover, in terms of air temperature rise and the performance
indicator. The air temperature rise is the difference between the temperature at exit
from the vortex generator and the ambient. The results are presented in Fig. 6. The
air temperature rises significantly when the top cover material is changed from
Aluminium to Perspex. This is because the transparent Perspex cover allows the
incident solar radiation to reach the interior surfaces of the vortex generator, which
in turn absorbs it. The interior surfaces then transfer more thermal energy to the
flowing air, thus increasing its temperature. By further examining Fig. 6, the effect
of the top cover material is insignificant at 9:00 AM, close to zero, as the interior
surfaces are not heated enough for a noticeable effect. The effect increases with
time, reaching a maximum difference value of 7 °C at 1:00 PM. So, by changing
the top cover material, the air temperature rises, which is the driving force of the
flow, increased without the additional cost of enlarging the solar collector.

== with Aluminum cover
16.00 4 -
== @==with Perspex cover
T 14.00 - ? A~
— 7 .
u 12.00 - .
= J
o 10.00 4 - \.\
5 ’ ~
® 8.00 1 ” [ o -'.\
o Pl ” ~ [
g 6.00 - - n
E s - = ~m.
g 4001 g -% ~u
£ 2.00
0.00
9:00 10:00 11:00 12:00 1:00 2:00 3:00 4:00 5:00
AM  AM  AM PM PM PM PM PM PM
Time

Fig. 6. Comparison in air temperature rise between
measurements with Aluminium and Perspex covers.

The other parameter selected for comparison between the two cover materials
is the performance indicator, which is the product of the mass flow rate by the outlet
air temperature. The results are shown in Fig. 7. The performance indicator is much
higher with the Perspex cover case than with the Aluminium cover case. Using
Perspex as the top cover material notably improved the system's overall
performance. Again, the difference between the two cases is insignificant at 9:00
AM when the interior surfaces are still cold, where the solar irradiation is relatively
low. However, the air temperature rises inside the vortex generation arena after the
solar irradiance increases, and the temperature of the walls inside the arena captures
more heat flux from the solar radiation.
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Fig. 7. Comparison between the cases of Aluminium
and Perspex cover in terms of performance indicator.

3.3.Numerical results

The numerical simulation results present a better insight into the behavior of the air
inside the vortex generator. Figure 8 presents the contours of heat flux obtained from
the CFD simulation for the Aluminium and Perspex top cover cases. There is a major
difference between the two cases, as there is almost no heat transfer when the
Aluminium top cover is used. The Perspex transparency allowed solar energy to reach
the interior surfaces, resulting in a high heat flux value. With an Aluminium cover,
the mean heat flux in the arena is around 2500 w/m?, while it is much higher in the
case of a Perspex cover plate with a mean heat flux around 3700 w/m?2.

CEEE)
. 4376403
4 2@
g —— |
N |
™ With Aluminum cover plate:
— Mean heat flux in the arena
is about 2250 — 2700 W/m?2.

4 1daeis
40208
3520008
EEINL

With Perspex cover plate:
Mean air heat fluxin the

e «—— arena is about 3500 — 3800
e k J:_ W/m?, with spots reaching
l L 4700 W/m?.

Perspex top cover

Fig. 8. Contours of heat flux for the two investigated cases.
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The air temperature contours are presented in Fig. 9. The air temperature is
much higher with the Perspex top cover, resulting from the high heat flux observed
in Fig. 8. The mean air temperature in the arena is around 314 K in the case of
Aluminium cover plate. In comparison, it is around 321 K in the case of the Perspex
cover plate. This high temperature will reduce the air density, which increases the
buoyancy forces that improve the intensity of the air vortex.

3 168002
3 16002
5040

- With Aluminium cover
<+——Dplate:

| Mean air temperaturein

[ the arena is about 313 K—
=315 K.

The wall surface
temperature reaches 316 K.

f
< I
v Aluminum top cover

< With Perspex cover plate:
Mean air temperaturein
the arena is about 320 K —
323 K.

The wall surface
oy Perspex top cover temperature reaches 325 K.

Fig. 9. Temperature contours for the two investigated cases.

4. Conclusions

In this research, the SVPP model is modified by changing the top cover material from
Aluminium to Perspex. This modification converted the vortex generator into a
second heat collection mechanism alongside the main solar collector by trapping the
solar radiation in the VG arena. The Perspex top cover obtains a higher performance
and better thermal behavior. The difference between the air exit and the ambient
temperature, which is the driving force of the flow, is strongly influenced by the top
cover material. The Perspex cover resulted in higher differences between the exit and
ambient temperatures. The performance indicator is enhanced significantly with the
Perspex top cover. The air temperature inside the arena is 321 K in the case of the
Perspex cover and 316 K in the case of the Aluminium cover. So, it is recommended
that the top cover material of the vortex generator should be made from a transparent
material, like glass or Perspex, instead of an opaque material to enhance the
performance of the SVPP without additional cost.
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Nomenclatures
Cp Specific heat capacity, J/kg-K
Cye, Csg Constants of the dissipation rate equation
Gy, Gy, Generation of turbulence kinetic energy
Gie Gy, R, Terms in the dissipation rate equation
k Turbulence kinetic energy, m?/s?
k Thermal conductivity, W/m-K
S Source terms
T Temperature, K
u,v,w Velocity components, m/s
Yu Fluctuation dilatation to overall dissipation rate
Greek Symbols
a Inverse effective Prandtl number
B Thermal expansion coefficient, 1/K
£ Dissipation rate of turbulence kinetic energy, m?/s®
U Dynamic viscosity, N-s/m?
p Density, kg/m3
Po Operating density, kg/m3
T Shear stress, N/m?
Abbreviations
CFD Computational fluid dynamics
SCPP Solar chimney power plant
SVE Solar vortex engine
SVPP Solar Vortex Power plant
VG Vortex Generator
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