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Abstract. This paper presents and discusses a Computational Fluid 
Dynamics (CFD) simulation of artificial vortex air generator as part of the 
preliminary of Solar Vortex Power Generator for an electrical power 
generation. A vortex air generator system was built, consisting of concentric 
cylinders. The inner cylinder was fitted with stationary air guide vanes and 
covered at the top by a transparent plate to capture the solar radiation and 
create swirling updraft flow which is able to rotate wind turbine and 
produces power. The influence of inlet air velocity and temperature on the 
swirling strength and mass flow generated has been evaluated by validated 
CFD simulation. ANSYS Fluent software was adopted to solve the 3-D, 
steady state of Navier-Stokes and energy equations in cylindrical coordinate 
system integrated with discrete ordinates (DO) radiation model. For the 
preliminary vortex generator design, the CFD results were validated first 
with previous experimental measurements. Then the variable operation 
parameters were carried out on the proposed model. The simulation result 
demonstrated that inflow velocity is a key parameter for enhancing the 
system performance. By increasing the inflow velocity from 0.4 m/s to 0.6 
m/s and inflow temperature 323°k the enhancement rate of the mass air flow 
generated reached to 26% compared with 7% when increase the inflow 
temperature to 328°k and inflow velocity 0.4 m/s. 

1. Introduction 

     The concept of harvesting energy from extreme atmosphere like dust devils and 
tornado phenomena to produce a clean electric power as a new renewable energy source have 
been evaluated by many researchers in the time past and still [1, 2]. This concept depends on 
a technique of generating an artificial updraft hot air like the vortex that transforms thermal 
energy into mechanical work during an upward heat convection motion of the air, which is 
similar to the idea of heat engine works [3]. To establish an artificial swirling air motion like 
a tornado, there are two considerable variables which must be implemented, i.e. circulation 
and updraft [4].  
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The circulation is accomplished by getting the air tangentially in an inward direction using 
a mechanical swirling device such as (interior winding ribbing, screws, vortex tube, guide 
twirl vanes and others) [5]. Whereas, a approaches to build up the updraft vortex stream [6]. 
A heat source is utilized to upgrade the buoyancy forces of the hot air, such as the Solar 
Vortex Engine (SVE) was proposed by [7]. The SVE comprises of two main parts, solar air 
collector (SAC) and vortex engine (VE). The SVE has been developed by utilizing a new 
design for the guide vanes or deflectors inside the VE by using curvature deflectors to smooth 
and enhance the vortex generated by the engine [8]. For power generation, the axial flow 
turbine is located beneath the upstream of the air flow leaving the SAC at the base of the 
SVE. Although the SVE is a low-cost and simple configuration, but the drawback is the stack 
effect inside the vortex generator which is weak without the heat source to generate the initial 
vortex and maintain the updraft continuously. Thus, the enhancement and development 
concept of SVE using a simple construction design support was carried out in the Solar 
Research Site (SRS) at Universiti Teknologi PETRONAS – Malaysia. A new arrangement 
of artificial vortex generator (AVG) integrated with double solar absorbing units has been 
devised and hereby referred to as ‘Solar Vortex Power Generator (SVPG)’ model. The study 
objective is to investigate the effect of variable operating parameters on the swirling strength 
of the SVPG using CFD simulation. Also, to present brief description of the developed 
experimental model of the SVPG. 

2. Preliminary model of plant 
The preliminary model of SVPG comprises of main three parts. The greenhouse effect by 

the SAC converts the solar radiation to a kinetic energy in the air stream through a series of 
energy conversion processes and as a result, ambient air is heated and moves towards the 
artificial vortex generator (AVG) part.  

The solar heat trap unit (SHT) consists of the transparent upper cover (TUC) with a 
transparent structure part, used as a source to establish the initial convective vortex by 
capturing the solar energy that is used to heat the air inside the AVG. Thus, creates the updraft 
flow while withdrawing hot air from the SAC to the AVG. Acceleration of the air flow 
through guide vanes imposes rotational swirling motion inside the AVG. In order to generate 
electricity, vertical – wind turbine with electric generator can be added in the path of vortex-
induced flow, extracts kinetic energy and produces power. The detailed configurations of the 
preliminary design of SVPG are shown in the Figure 1. AVG has diameter and height of the 
inner cylinder were of 0.9 and 0.6 m, respectively. Diameter and height of the outer cylinder 
are 1 and 0.6 m, respectively. The guide vanes were set to 25 with a height of 0.3 m and 
length of 0.35 m. The entry slot width was 0.1 m with the height of 0.3 m. While the 
dimensions of TS was 0.6 m in height having a polygon shape and the diameter of the TUC 
was 0.1 m with the hole of 0.3 m in diameter at its center. 
 

 

Fig.  1. Preliminary model of SVPG  
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3. Numerical investigation 

3.1 Numerical Simulation Methods 

Simulation using Fluent and the Boussinesq model for natural convection [9] was 
employed in this study. This model assumes that density remains a constant value in all 
solved equations, except for the buoyancy term in the momentum equation. Simulations were 
conducted based on 𝑘𝑘 − 𝜀𝜀 turbulence model with RNG. The Semi Implicit Method for 
Pressure Linked Equation – Consistent (SIMPLEC) algorithm was applied for second order 
discretization for pressure; momentum and energy obtain more converged solution. The 
Discrete Ordinates (DO) have been applied under the radiation model to represent the solar 
radiation load passing through the transparent Perspex to heat up the air underneath. The 
amount of radiation is highly dependent on the solar insolation available and the values were 
obtained from solar calculator pre-build in ANSYS Fluent 15. The (DO) method calculates 
the direct and diffuse intensity of the sun depending on the location of the plant related to the 
sun at a specified time and location which limited by the user, so there is a solar calculator to 
specify the directions and solar values. 

3.2 Governing Equations 

 Various working principle and governing equations have been applied in numerical 
simulation done with ANSYS Fluent 15. Some of the examples are conservation of continuity 
equation and momentum, energy balance equations which have been applied to study the 
flow field within VAG as follows [10]: 

 
Continuity equation: 

(𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + 𝜕𝜕𝜕𝜕

𝜕𝜕𝜕𝜕 + 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 ) = 0     

Momentum equation: 

𝜌𝜌𝜌𝜌. (𝑢𝑢𝑢𝑢) =  − 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + 𝜕𝜕𝜏𝜏𝑥𝑥𝑥𝑥

𝜕𝜕𝜕𝜕 + 𝜕𝜕𝜏𝜏𝑦𝑦𝑥𝑥
𝜕𝜕𝜕𝜕 + 𝜕𝜕𝜏𝜏𝑧𝑧𝑥𝑥

𝜕𝜕𝜕𝜕 + 𝑆𝑆𝜕𝜕                          )2a) 

𝜌𝜌𝜌𝜌. (𝑣𝑣𝑢𝑢) =  − 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + 𝜕𝜕𝜏𝜏𝑥𝑥𝑦𝑦

𝜕𝜕𝜕𝜕 + 𝜕𝜕𝜏𝜏𝑦𝑦𝑦𝑦
𝜕𝜕𝜕𝜕 + 𝜕𝜕𝜏𝜏𝑧𝑧𝑦𝑦

𝜕𝜕𝜕𝜕 + 𝑆𝑆𝜕𝜕                            (2b) 

𝜌𝜌𝜌𝜌. (𝑤𝑤𝑢𝑢) =  − 𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕 + 𝜕𝜕𝜏𝜏𝑥𝑥𝑧𝑧

𝜕𝜕𝜕𝜕 + 𝜕𝜕𝜏𝜏𝑦𝑦𝑧𝑧
𝜕𝜕𝜕𝜕 + 𝜕𝜕𝜏𝜏𝑧𝑧𝑧𝑧

𝜕𝜕𝜕𝜕 + 𝑆𝑆𝜕𝜕                            (2c) 

The source terms Sx,Sy, and Sz  in (2a), (2b) and (2c) represent the body force.  
An equation (3) the Boussinesq model is used by setting up the problem with fluid density 

as a function of temperature.  
 

                                   (𝜌𝜌) = 𝜌𝜌°(1 − 𝛽𝛽∆𝑇𝑇)                                                        (3) 
 
Equation (3) is valid for (1 − 𝛽𝛽∆𝑇𝑇) ≪ 1 
 
Turbulence model: 

 𝜌𝜌 𝜕𝜕
𝜕𝜕𝜕𝜕𝑖𝑖

(𝑘𝑘𝑢𝑢𝑖𝑖) = 𝜕𝜕
𝜕𝜕𝜕𝜕𝑗𝑗

(𝛼𝛼𝑘𝑘𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒
𝜕𝜕𝑘𝑘

𝜕𝜕𝜕𝜕𝑗𝑗
) + 𝐺𝐺𝑘𝑘 + 𝐺𝐺𝑏𝑏 − 𝜌𝜌𝜀𝜀 −  𝑌𝑌𝑀𝑀                                        (4)                                                                         
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               𝜌𝜌 𝜕𝜕
𝜕𝜕𝑥𝑥𝑖𝑖

(𝜀𝜀𝑢𝑢𝑖𝑖) = 𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

(𝛼𝛼𝜀𝜀𝜇𝜇𝑒𝑒𝑒𝑒𝑒𝑒
𝜕𝜕𝜀𝜀

𝜕𝜕𝑥𝑥𝑗𝑗
) + 𝐺𝐺1𝜀𝜀

𝜀𝜀
𝑘𝑘 (𝐺𝐺𝑘𝑘 +  𝐶𝐶3𝜀𝜀𝐺𝐺𝑏𝑏) − 𝐶𝐶2𝜀𝜀𝜌𝜌 𝜀𝜀2

𝑘𝑘 − 𝑅𝑅𝜀𝜀                 (5)                                               

 
Energy equation: 

𝜌𝜌𝐶𝐶𝑝𝑝 (𝜕𝜕(𝑢𝑢𝑢𝑢)
𝜕𝜕𝑥𝑥 + 𝜕𝜕(𝑣𝑣𝑢𝑢)

𝜕𝜕𝜕𝜕 + 𝜕𝜕(𝑤𝑤𝑢𝑢)
𝜕𝜕𝜕𝜕 ) =  𝑘𝑘 (𝜕𝜕2𝑢𝑢

𝜕𝜕𝑥𝑥2 + 𝜕𝜕2𝑢𝑢
𝜕𝜕𝜕𝜕2 + 𝜕𝜕2𝑢𝑢

𝜕𝜕𝜕𝜕2) + 𝑆𝑆𝐸𝐸                      (6) 
The radiation equation which is solved by the software can be written as: 
 
∇. (𝐼𝐼𝜆𝜆(𝑟𝑟, 𝑠𝑠)𝑠𝑠) + (𝑎𝑎𝜆𝜆 + 𝜎𝜎𝑠𝑠)𝐼𝐼𝜆𝜆(𝑟𝑟, 𝑠𝑠) = 𝑎𝑎𝜆𝜆𝑛𝑛2𝐼𝐼𝑏𝑏𝜆𝜆 + 𝜎𝜎𝑠𝑠

4𝜋𝜋 ∫ 𝐼𝐼𝜆𝜆(𝑟𝑟, 𝑠𝑠)𝜑𝜑(𝑠𝑠. 𝑠𝑠′)𝑑𝑑𝑑𝑑′4𝜋𝜋
0                         (7) 

 
The solar intensity in each direction  𝑠𝑠 and position 𝑟𝑟 can be written as follows [11]: 
 

𝐼𝐼𝜆𝜆(𝑟𝑟, 𝑠𝑠) = ∑ 𝐼𝐼𝜆𝜆(𝑟𝑟, 𝑠𝑠)∆𝜆𝜆𝑘𝑘𝑘𝑘                                              (8) 
                                           
𝑟𝑟 = position vector, 𝑠𝑠= direction vector,  �́⃗�𝑠= scattering direction vector,  𝛼𝛼=absorption 

coefficient, 𝑛𝑛=refractive index, 𝜎𝜎𝑠𝑠= scattering coefficient, 𝜎𝜎= Stefan-Boltzmann constant 
(5.669 × 10−8  𝑊𝑊 𝑚𝑚2. 𝐾𝐾4⁄ ), 𝐼𝐼= radiation intensity, which depends on 𝑟𝑟 And 𝑠𝑠⃗⃗⃗, 
𝑇𝑇=temperature, 𝜙𝜙= face function, �́�𝑑= solid angle,  𝜆𝜆=wave length, 𝛼𝛼𝜆𝜆= spectral absorption 
coefficient, 𝐼𝐼𝑏𝑏𝜆𝜆= black body intensity, Sh  = Heat source due to incident solar radiation, Gk = 
Production of turbulent kinetic energy, Gb = Generation of turbulence kinetic energy due to 
buoyancy, C3ε = constant to calculate the degree of ε effected by buoyancy. 

3.3 Boundary Conditions and Simulation Parameter Cases 

The values of the boundary conditions considered as an input parameter in the CFD – 
simulation were all adopted from the previous experimental measurements, as illustrated in 
Tables 1and 2.                

Table1. Thermal properties of materials 

Thermal property Perspex Aluminium 

Properties Solid, Semi-
transparent Solid ,Opaque 

Thermal conductivity(w.m/k) 0.189 202.4 
Density ( kg/m3) 1200 2719 
Specific heat(J/kg.k) 1200 871 

 

Table 2. Initial boundary conditions from experimental preliminary model 

Surfaces 
components 

No. of 
item 

Boundary 
type 

Boundary conditions 

Transparent 
structure 1 Wall Material= Perspex  T= 322.7Kͦ 

Upper cover 1 Wall Material= Perspex  T= 322.7Kͦ 

Upper cover hole 1 Outflow Opening  hole , D= 0.3 m 
Inner cylinder 1 Wall Material= Aluminium  T= 330Kͦ 

Guide vanes 8 Wall Material= Aluminium  T= 330Kͦ 

Air entry slots 8 Velocity-inlet V=0.4 m/s 
T=323Kͦ 

Ambient condition - - T= 309Kͦ 

S=1000 W/m2 
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3.4 Grid Independence 

Grid independence is considered in the solution; five mesh sizes were used, tetrahedral 
cell sizes range between (0.05m-0.005m) is tested and logically the used of fine mesh with a 
minimum mesh size gave a more accurate solution, however, implies more computer cost 
and time. The mesh size (maximum 0.01m and minimum 0.001m) was used by percentage 
error (3.2%) for velocity and temperature (2.1%) for the preliminary model and they are 
acceptable. 

4. Result and discussion 
To validate the CFD assessment, the comparison of the CFD results with the preliminary 

experimental measurements was made. The outflow swirl updraft was considered as the main 
parameter for validation.The contours velocity magnitude distribution of the initial case is 
shown in Fig. 2a. From the figures, the average outlet velocity (1.85 m/s) was simulated at 
the center of the upper hole; the value obtained is in close agreement with the experimental 
measurement at the same inflow velocity condition (0.4 m/s) with percentage error of 3.2%.  
Whereas, the maximum velocity magnitude achieved was (2.3m/s) and occurred at 20 cm 
above the upper hole at the both ends of the vortex streams within the SHT. As the electric 
power generation is the main objective from SVPG, it is recommended for setting the turbine 
unit in this position to convert the peak velocity of vortices generated by the work.  

4.1 Analyses of Vortex Flow Structure 

Simulations the vortex flow behavior within the AVG & SHT are shown in Figure 2.b 
The Figure describes the outflow direction from the vanes as a slope vector along the guide 
vane height. Then, moves towards the upper hole with a small circulation motion like a 
convection currents as it begins to appear at the end of guide height in the bottom corner of 
the upper cover within the AVG. After the upper hole, the swirl flow structure diverges into 
two streams that are extended into SHT with the formation of convection currents around the 
swirl flow. The reason for the formation of the convection currents is due to the contact of 
the air  inside the AVG and SHT with the hot surfaces in the SHT components. 

 

Fig.  2. Velocity distribution within AVG and SHT for the initial case. 
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4.2 Analyses of Initial Condition Parameters 

The result of the mass flow rate and swirl updraft velocity generated in the different initial 
boundary conditions are listed in Table 3. It is clearly observed that there is a significant 
improvement in the swirl strength emerging from AVG when the air velocity is increased 
from the SC to AVG.  Thus, swirl strength is enhanced; indicating an increase in the mass 
flow generated which translate to more electrical power extracted by the turbine. The CFD-
results, obtained showed an enhancement in the buoyancy force into AVG because of the 
increased initial inflow temperature. Also, increasing the inner wall temperature of AVG 
cylinder contributes to the improvement in outlet velocity and the flow rate. However, this 
improvement is less compared with extended the inflow velocity state. On the other hand, 
the change of the initial parameters does not effect on the vortex structure within the VAG 
and SHT as shown in Figures.3. The flow behavior is observed to remain same in the initial 
case. 

 
Fig.  3. Section of vortex structure within AVG and SHT in different boundary conditions. 

 Table 3. Result of the mass flow and swirl updraft velocity generated in the variables 
initial condition 

Cases 
Inflow 

Velocity 
(m/s) 

Swirl 
updraft 
strength 

(m/s) 

Mass 
flow rate 

(Kg/s) 

Enhancement of 
mass flow (%) 
compared with 

initial case 
Initial case 0.4 1.85 0.1595 - 
 
Increase the inflow velocity 

0.6 2.5 0.2155 26 
0.8 3.2 0.2759 42 

Increase the inflow temperature 
from 323 K to 328 K 0.4 2 0.1724 7.4 

Increase the inner wall 
temperature from 330K to 335K 0.4 1.97 0.1698 6 
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Inflow 

Velocity 
(m/s) 

Swirl 
updraft 
strength 

(m/s) 

Mass 
flow rate 

(Kg/s) 

Enhancement of 
mass flow (%) 
compared with 

initial case 
Initial case 0.4 1.85 0.1595 - 
 
Increase the inflow velocity 

0.6 2.5 0.2155 26 
0.8 3.2 0.2759 42 

Increase the inflow temperature 
from 323 K to 328 K 0.4 2 0.1724 7.4 

Increase the inner wall 
temperature from 330K to 335K 0.4 1.97 0.1698 6 

5. Conclusions 
In this paper, modeling of artificial vortex generator (AVG) supported by transparent 

cover has been simulated computationally by using ANSYS FLUENT 15. The AVG is the 
main part of SVPG model that was proposed as a new system in the solar vortex updraft field 
for renewable power generation. The impact of the operating parameter on the swirl updraft 
flow characteristics was investigated and the results were compared with preliminary 
experimental measurements. For a given geometry of the AVG, The CFD results showed that 
increasing the inflow air velocity is more efficient to enhance the mass flow rate generated 
and extract power production compared to increase the air flow temperature. 
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