
lable at ScienceDirect

Journal of Cleaner Production 212 (2019) 353e361
Contents lists avai
Journal of Cleaner Production

journal homepage: www.elsevier .com/locate/ jc lepro
Solar plant with short diffuser concept: Further improvement of
numerical model by included influence of guide vane topology on
shape and stability of gravitational vortex
�Zeljko Penga a, Sandro Ni�zeti�c a, *, Müslüm Arıcı b

a LTEF- Laboratory for Thermodynamics and Energy Efficiency, Faculty of Electrical Engineering, Mechanical Engineering and Naval Architecture, University
of Split, Rudjera Boskovica 32, 21000, Split, Croatia
b Department of Mechanical Engineering, Faculty of Engineering, Kocaeli University, Umuttepe Campus, Kocaeli, 41380, Turkey
a r t i c l e i n f o

Article history:
Received 3 October 2018
Received in revised form
8 November 2018
Accepted 3 December 2018
Available online 4 December 2018

Keywords:
Solar power plant
Numerical modelling
Solar energy
Thermodynamics
Vortices
Carbon-free electricity production
* Corresponding author.
E-mail address: snizetic@fesb.hr (S. Ni�zeti�c).

https://doi.org/10.1016/j.jclepro.2018.12.021
0959-6526/© 2018 Elsevier Ltd. All rights reserved.
a b s t r a c t

An alternative renewable energy concept, i.e. the concept of a solar power plant with short diffuser (SPD),
was numerically investigated by more advanced computational fluid dynamics (CFD) model. Developed
model is characterized by a more sophisticated and streamlined guide vane topology. The main novelty
of this work is conducted optimization of the guide vane topology, for a specific novel application related
to the alternative renewable energy concept (SPD). Optimization involved determining the required
guide vane topology using minimal number of geometry influencing parameters. The objective was to
result in vortex genesis and stabilization with respect to the desired circumferential velocity and to
minimize the required pressure potential that is necessary for stable operation of the SDP plant. Provided
numerical investigation was necessary, and for sure a step forward towards consideration of the
experimental plant (which will assume introduction of the turbines). It needs to be taken into account
that we deal with complex flow structure that requires gradual numerical investigation, in order to be
able to get detail insight in the various influences and processes that can strongly affect SPD operating
parameters. The guide vane topology was altered to develop an SPD capable of establishing and main-
taining a stable gravitational vortex in pressure ranges which resemble atmospheric vortex phenomena
(feasible for development of a compact system, and with maximal velocities in chimney throat regions
ranging below 20m s�1). The study outlines nine cases, each representing the altered guide vane design,
where the best case is determined and compared with the available experimental data from other
research groups. The comparison indicates that the numerical model, although quite simple, is accurate
and robust in predicting the distribution of local velocity and pressure profiles and fit for implementation
on wind turbines in order to determine the influence of the installed turbines on the vortex shape and
stability in a future study. An important finding is that the swirl ratio can be manipulated by altering the
guide vane shape, and it is independent of the Reynolds number (which will be important during the
design phase since it can be used as a control strategy for vortex genesis and as a prevention of unin-
tentional genesis regarding additional multiple vortices). The gained numerical results revealed specific
operating conditions that will ensure a safer environment around the SPD and that will enable a carbon
free electricity production.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

The present economic system is obviously pushing population
boundaries to the edge with respect to the available resources and
present, i.e. increasingly more severe climate issues that are
occurring (https://unfccc.int/). The role of the energy transition
(Meza et al., 2019; Warren et al., 2018) is more than clear and there
is a necessity for renewable based energy solutions, to be able to
ensure smart resource management, and to prevent more serious
and unpredictable climate issues. The current market available
renewable energy technologies (Singh, 2013; Kumar et al., 2018) are
still modest with respect to overall efficiency, and they are usually
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linked with a relatively high overall investment, which finally
causes slower penetration into the market as desired. Having
improvement and an upgrade of the existing market available
renewable energy technologies in mind (in terms of increased ef-
ficiency and reduced cost), an aspect that is also important is to
ensure continuous development of novel and alternative renewable
based energy concepts. Alternative and renewable based novel
energy concepts are important for a sustainable future and to have
a reduction in the consumption of fossil based limited resources.

In the seventies, L.M. Michaud proposed an interesting and in
those times intriguing idea, to generate and use convective vortex
in a controlled manner and by that to produce a pressure difference
that could be further used to drive turbines and to produce elec-
tricity (Michaud, 1975). In the previously mentioned proposal,
Michaud managed to produce convective vortex in a controlled
manner, however, specific data about the possible extracted me-
chanical work form the convective vortex system (CVS) were not
reported in the same research report. In the years that followed,
Michaud further developed his idea which resulted with the at-
mospheric vortex engine (AVE) concept (http://vortexengine.ca).
Besides the intensive work on the AVE concept, Michaud provided
several studies related to the investigation of the vortex process
during an upward heat-convection (Michaud, 1999, 2000), and
investigated the heat towork energy conversion during the upward
heat convection process, (Michaud, 1995, 1996). The second pro-
posed alternative energy concept, which relays in fact on the same
foundations as the AVE concept, was the concept of the solar power
plant with short diffuser (SPD) (Ninic et al., 2006). The main dif-
ference between the AVE and SPD concept is that the later one
assumes the utilization of solar energy as the energy source, while
the AVE concept is primarily focused on utilizing industrial waste
heat (and by that increase overall convectional power plant effi-
ciency). The SPD concept relays on the previous theoretical and
numerical works (Nini�c et al., 2006:Ni�zeti�c, 2010) that focused on
modelling issues of the convective vortex as a vital part of both the
AVE and SPD alternative energy concepts. Both proposed renewable
energy concepts are still under investigation, where the AVE
concept is very close to its practical realization in the form of a
large-scale plant, if the proper investment would be ensured. The
SPD concept is still in the phase of intense numerical investigation
(Ni�zeti�c et al., 2017) and further numerical investigations are
needed towards the consideration of a prototype plant. In general, a
power generation review of the concepts based on the utilization of
convective vortices was reported in the studies (Mustafa et al., 2015
and Ni�zeti�c et al., 2017). A solar vortex engine was proposed in (Al-
Kayiem et al., 2018) and the concept was successfully experimen-
tally investigated. The diameter of the solar collector was 8.0m and
the vortex generation cylindrical shape was about 1.0m in diam-
eter. The updraft vortex flow was successfully generated and a
numerical investigation of the geometrical effects on the system
performance was further scheduled to be investigated.

1.1. A brief overview of the experimental approaches

As already mentioned, convective vortex systems (CVS) are a
vital part of alternative energy concepts that assume CVS as a
source of useful mechanical work. Therefore, both numerical and
experimental approaches are important and critical ones to be able
to understand the complex physical nature of the CVS, and to learn
how to generate, control and maintain CVS in its specific sur-
rounding atmosphere. Surely, modelling as well as experimental
investigation is a topic of interest for both meteorological pro-
fessionals and other engineering professions, where different as-
pects are analyzed and monitored (meteorological professionals
deal with a natural CVS such as tornadoes, dust devils etc., while in
the herein proposed approach, the CVS should nearly have identical
general features). From the previous point of view, laboratory based
investigations are very useful since valuable information can be
gained and be helpful in the numerical modelling stage. For
instance, in (Refan and Hangan, 2018) large size vortices were
experimentally examined by the usage of a particle image veloc-
imetry and the focus of the investigation was on the near surface
region. Since in this study the vortex is established and maintained
using guide vanes instead of fans, the flow in near surface region is
significantly different. Due to this limitation it is was not reasonable
to compare the flow similarity in those regions. However, the
resulting vortex flow is quite similar and the results are mutually
compared. The experiments were conducted in a WindEEE Dome
simulator (Refan et al., 2014) and a major finding was that tornado
vortices are unstable for low swirls with an emphasized wandering
characterization. The WindEEE Dome simulator ensured flow
visualization and enabled the investigation of general vortex fluid
dynamics, which showed to be useful for numerical modelling is-
sues. A large tornado simulator was designed and tested for the
generation of tornado-like vortices and the main focus was to
investigate the effect of aerodynamic loads on the engineering
structures, (Fred et al., 2008). Besides the investigation of aero-
dynamic loads, the effects of tornado sized geometry were also
analyzed along with the detailed flow structure. A laboratory
simulation of tornado-like vortices was reported in (Tang et al.,
2018) where the velocity and pressure surfaces beneath the
vortices were measured. The focus of the investigation was to
examine the effect of the tornado simulator aspect ratio with
respect to the general characteristics of the simulated vortex flow.

1.2. A brief overview of the numerical investigations

Besides crucial experimental investigations of convective
vortices, or tornado-like vortices, numerical investigations are also
important and useful in numerous aspects. Numerical in-
vestigations and the study of tornado-like vortices by using large
eddy simulations can generally be found in several conducted
studies focused on different aspects (Liu and Ishihara, 2016; Li et al.,
2018). However, the herein CVS system is very similar to natural
dust-devil phenomena, i.e. the focus is more on the numerical
findings related to dust-devil like vortices (although the vortex
structure can be more intense than dust devils in some cases, i.e.
more as a tornado-like system regarding pressure potential and
velocity profiles in general). Renno proposed a simplified theory for
dust devils along with his colleagues (Renno et al., 1998) and later
elaborated a general theory for convective vortices from a ther-
modynamic point of view (Renno, 2008). The main contribution to
the general theory was the introduction of a calculation procedure
for pressure drops along the vortex streamlines by taking the
irreversible processes of a vortex system into account. The structure
and formation of the dust devil-like vortices was numerically
investigated in the study of (Raasch et al., 2011). The main findings
reported by the previously mentioned study were related to the
analysis of structures regarding spatial vortices as well as genesis
mechanisms. The effect of the mean wind on the intensity and
evolution of the dust devils was numerically investigated in (Ohno
and Takemi, 2010). It was found that the vortices were generated
for all the wind cases being examined and that the stability factor
could be used as a reasonable parameter to determine the behavior
of general vortices. Finally, it is important to emphasize that in the
herein examined alternative energy concept, the CVS systemwould
share some general characteristics from natural vortex phenomena.
In any case, both experimental and numerical studies related to the
investigation of vortex phenomena are valuable and important for
the gain of fundamental knowledge that can be used for
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investigations and development of the herein examined alternative
renewable energy concept.

The main objective of this paper was to present further research
progress related to the upgrade of the existing SPD concept nu-
merical model (Ni�zeti�c et al., 2017), where the influence of guide
vane topology was introduced and examined (and which is critical
for CVS shape and stability). It is important to emphasize that this
kind of the problem requires gradually numerical modelling in
order to clearly detect and analyze different and complex in-
fluences that can affect vortex genesis and stability. From previous
point of the view this paper deals with specific modifications of the
numerical model that are important for development of the SPD
concept in general. The developed numerical model was validated
with available experimental data in the existing literature and the
gained research results showed to be useful for the consideration
and development of a small-scale prototype SPD plant.

2. Upgraded numerical model

2.1. General circumstances regarding the CFD modelling

As already addressed, this work represents a continuation and
upgrade of the previous developed numerical model, generated via
CFD analysis (Ni�zeti�c et al., 2017). The main novelty was to include
the influence of a more advanced guide vane topology and to
examine its effect on the shape and stability of gravitational vortex,
with the main objective being to ensure the required delta pressure
potential (between the pressure in the central vortex region and
surrounding pressure) suitable for the maintenance of a stable
vortex. The previous study (Ni�zeti�c et al., 2017) demonstrated that
CFD analysis is a reasonable tool capable of modelling a steady-
state vortex structure with realistic atmospheric boundary condi-
tions, and demonstrated that the gained results showed similar
trends when compared to the experimentally obtained data.
However, the results of the previous study indicated that the
operating pressure potential, as well as the mass flow rates and
velocities at the short diffuser cross-section, are quite high and
critical for a safe operation of the SPD plant (a tornado-scale vortex
for operation, as well as a relatively high collector diameter). The
major focus of the herein conducted study was to examine condi-
tions that will enable the genesis and maintenance of a gravita-
tional vortex at significantly lower delta pressures (as it can be seen
in Fig. 1).

To resemble atmospheric dust devils, inside a smaller power
plant structure would be a more feasible option since it would not
require a special turbine design (the operational velocities of the air
updraft in the short diffuser throat-regionwould be of scales which
are accustomed to the conventional horizontal axis wind turbines).

2.2. General governing equations

A two-equation turbulence model was used to resolve flow due
Fig. 1. Pressure drop range for dust devils and tornadoes (Lorenz et al., 2016).
to modest computational requirements and limited computational
power. Nevertheless, as it can be seen in the continuation of this
work, the results showed a satisfactory level of agreement with the
experimentally obtained data. The continuity equation and mo-
mentum equations are expressed as
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The specific force fi constitutes of external forces, i.e. gravity, and
Rij is Reynolds stress tensor (Bousinessq eddy viscosity assump-
tion). Turbulence viscosity mt and turbulence kinetic energy k are
resolved according to the used turbulence model. Energy conser-
vation equation is expressed as
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where kc represents the molecular thermal diffusivity and kt rep-
resents eddy thermal diffusivity.

In eq. (5), the viscous dissipation term is omitted due to low
Mach number.

The correlating governing equations are resolved using the k-ε
turbulence model in this phase of research, and due to the need for
a significantly finer mesh when incorporating more advanced tur-
bulence models. Convective terms in momentum and energy
equations are discretized by a second order upwind scheme. The
governing equations along the boundary conditions given in the
upcoming section are solved using the commercial software ANSYS
CFX v17.2®.
2.3. Geometry

The design in the previous study was quite simplified due to
substantial amount of unknown geometry features, i.e. parameters,
and regarding design which is based on patent sketches, especially
as regards to guide vanes (i.e. two-dimensional profile extruded
vertically in third dimension). The design of SPD was improved in
this study by introducing a more advanced guide vane topology.
The bottom and top part of the collector remained similar as the
one used in the previous study, since the previous design demon-
strated to be feasible. The objective which required a more so-
phisticated blade design, as previously mentioned, is to generate a
stable vortex at lower pressure potential. The design of the blades is
defined via the theta angles of the guide vanes at the leading edges
as a reference location (similar to the conventional hydraulic ma-
chine blade design approach). The geometry and guide vane pa-
rameters are defined using the commercial software ANSYS
BladeModeler®. The blades are defined via constant theta values



Fig. 3. Domain overview (left) with annotated boundary conditions and segmented
geometry of guide vanes with cut-off edges and short diffuser (right).

Table 1
Geometry setup for each considered case.

Case #1 #2 #3 #4 #5 #6 #7 #8 #9

q1 5 5 5 10 10 10 15 15 15
q2 5 10 15 5 10 15 5 10 15

Fig. 4. Highlighted guide vane topology for cases #1 (top left), #2 (top right) and #3
(below).
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along the top and bottom camberlines of the blades, while blade
thickness was linearly distributed between the leading and trailing
edges, where maximal thickness in close proximity to the chimney
was set to 3m (i.e. leading edge according to software setup, the
trailing edge in this setup) and the minimum value was set to 1m
(trailing edge according to software setup, the leading edge in this
setup), as seen in Fig. 2.

The blade thickness is set arbitrarily to 1m at the trailing edge
according to the setup, while the maximum thickness was adjusted
to result in a stable vortex for the default case (both theta of 5�). The
size of the whole domain was significantly reduced when
compared to the previous study (Ni�zeti�c et al., 2017) in order to
enable a finer mesh. The domain height was set to 250m vs.
2000m in the previous study, and the collector diameter was
200m vs. the maximal diameter of 1000m in the previous study.
The whole domain was segmented to simplify the process of
generating a structured mesh in all domains. The blade's leading
and trailing edge geometry is cut off to enable implementation of
the sweep method between the neighboring blades. The guide
cone's tip was blunted to avoid unnecessary mesh refinement in
the specified region. Only the fluid bodies are modeled, the solid
bodies are omitted and represented by rigid walls according to the
conventional computational fluid dynamics approach. The details
can be seen in Fig. 3. The size of the domains was varied to deter-
mine the influence on the results and the domain-size-
independent solution.

The study consisted initially of 9 test cases as shown in Table 1.
Index 1 represents the bottom camberline (i.e. hub contour), while
index 2 represents the top camberline (i.e. shroud contour).

Three different guide vane topologies (cases #1, #2 and #3) are
shown in Fig. 4 for comparison. It can be seen that a relatively small
difference in the q angle significantly influences the shape of the
guide vanes, therefore it is possible to study the stability and shape
of the vortex for significantly different topology by slightly modi-
fying the q angle, instead of using splines or other commonly used
approaches. The angles are limited from 5� to 15� to ensure a ge-
ometry genesis suitable for a fully structured mesh. Outside of the
specified bounds, the mesh would be unstructured for the specified
cases, or the configuration would not result in a stable vortex and
the calculations would not converge. Additional reason for keeping
the number of angles in the current state was the necessity of
conducting a study for a higher number of cases, and thus this was
considered a constraint for the numerical approach in question.

Although the geometry of the guide vanes in this work is
different when compared to the geometry used in a previous study,
the flow fields are comparable because but of different scale. This is
a consequence of generating a similar gravitational vortex phe-
nomenon which behaves in a characteristic manner. The same
Fig. 2. Geometry (left); theta angle definition (right top) and thickness definition
(right bottom).
premise applies to comparison of the results of this work with
experimental data in from other research groups, the method for
establishing and maintaining the vortex is different, but the vortex
structure is characteristic and can be mutually compared. The
comparison between different vortexes is commonly carried out by
comparing the flow fields for similar Reynolds numbers or swirl
ratios. The Reynolds number comparison of this work vs. other
vortexes was not convenient since the characteristic Re number
indicating the turbulent flow would be the one including the
equivalent diameter of the guide vane channels, and since other
works do not use guide vanes this was not convenient for com-
parison. For this reason the comparison is carried out using swirl
ratio which is commonly used as an indicator for comparing the
flow fields of vortexes of different scales.

2.4. Mesh

The mesh is hexahedral and structured with a small number of
wedge elements, with an O-grid refinement inside the short
diffuser and the domain above the short diffuser, as seen in Fig. 5.
Since a k-ε model was used, it was not necessary to introduce
inflation layers on the surrounding walls, therefore the element
size was uniformly distributed along the edges of the numerical



Fig. 5. Mesh details: Partial cut-through view (top left); Short diffuser and guide vane
channels (top right); guide vane channels (below).

Table 2
Mesh information for Case #1.

Parameter Value

Cell count 1808175
Node count 1870584
Tetrahedral element count 0
Wedge element count 2400
Pyramid element count 0
Hexahedral element count 1805775
Polyhedral element count 0
Min orthogonal quality 0.28371
Average orthogonal quality 0.89631
Standard deviation 0.18093
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domains. Conformal mesh interfaces are achieved using shared
topology between the neighboring parts to avoid the necessity to
define mesh interfaces since the geometry was decomposed into
more simple parts, i.e. blocks, to enable generation of structured
hexahedral mesh where possible. Since the interfaces are
commonly used for slidingmesh and framemotion approaches this
is not the case in this work, since there are no rotating parts. The
purpose of optimizing the guide vane topology was to passively
achieve sufficient circumferential velocity for genesis of a stable
vortex.

A grid dependency study was conducted for Case #5, since it is
characterized by the “middle” values of the q angle (10�/10�). Three
different mesh setups with 0.783M, 1.84M and 3.65M finite vol-
umes were considered in a manner similar to the one seen in the
previous study (Ni�zeti�c et al., 2017). The 1.84M mesh was found to
produce grid independent results. The minimum element size was
200mm for the grid independent solution, which is quite coarse
due to the requirement for yþ in range of 300. To achieve this yþ

range the elements on the walls should be in size of 0.2mm
meaning that the total element count would be enormous taking
into the consideration the scale of the structure, therefore this
criterion was not met. Nevertheless, the fully structured nature of
the mesh and local parameter validation with experimental results
from other research groups indicates that the results area credible.
The number of divisions used for this solutionwas set as a reference
for all other cases. The mesh details are shown in Table 2 for Case
#1. Other cases show similar values. The convergence criterion used
for the study consists of the requirements of the mass and mo-
mentum, energy, turbulent kinetic energy and dissipation of tur-
bulence kinetic energy to fall below 10�4 while the imbalances
have to be below 1 and tangential and normal moments on all
surfaces have to be stable at the time of meeting all of the other
criteria. These criteria are met for all conducted cases.

2.5. Boundary conditions

The boundary conditions are summarized in Table 3.

2.5.1. Inlet
The velocity inlet is defined at the intake, Fig. 6 (black arrows),

with a normal speed of different magnitudes depending on the
case. During the comparison phase, i.e. optimization of the blade
design, the normal velocity at the inlet was set to a value of 2m s�1.
Turbulence was set to medium intensity and the static temperature
at the inlet was set to 303 K. Air as an ideal gas was assumed as the
operating fluid with fully considered buoyancy effects and gravity
defined accordingly. The heat transfer model was set to total the
energy and turbulence mode to k-ε with scalable wall functions.

2.5.2. Opening
The opening was defined as seen in Fig. 6 (blue arrows) by

setting the opening pressure and direction to a relative pressure of
0 Pa and a flow direction normal to the boundary. Turbulence was
specified as medium with an intensity of 5%, while the static tem-
perature was set to 293 K.

2.5.3. Top and bottom collectors
The top collector consists of two flat surfaces, one from the in-

ternal and the other from the external surface of the solar collector,
as previously seen in Fig. 3. The temperature profiles are set to
represent a linear, constantly increasing, temperature gradient
from the inlet to the solar chimney via the used-defined functions
as shown previously in Table 3. The bottom collector consists of one
surface, also previously shown in Fig. 3, while the temperature
profile is slightly different e the temperature increase slope is
higher due to the consideration of the green-house effect between
the top and bottom collector (in a similar manner as seen in the
previous study, Ni�zeti�c et al., 2017). The resulting temperature
profiles along the collectors are shown in Fig. 7 as well as the
resulting temperature distribution after the solutionwas converged
for Case #1.

3. Model validation

The complete validation of the concept cannot be conducted
since the SPD concept is novel and there are no experimental fa-
cilities in existence at the moment, i.e. there is no available
experimental data. However, the gained vortex system in the SPD
concept is almost similar to natural vortex phenomena, thus labo-
ratory data as well as observation data can be used for the valida-
tion of the developed numerical model (more detail about the
general similarities can be found in Ni�zeti�c et al., 2017). Validation
was conducted vs. the available data from the experimental



Table 3
Applied boundary conditions.

Boundary condition Parameter Value Units

Inlet Normal velocity; Temperature 2; 303 m s�1; K
Opening Relative pressure; Temperature 0; 293 Pa; K
Top collector Temperature T ¼ �0.083R þ 328 K
Bottom collector Temperature T ¼ �0.1R þ 333 K

Fig. 6. Boundary conditions: velocity inlet (black arrows); opening (blue arrows); top
and bottom collectors (green surfaces). (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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(laboratory) investigations for different vortex scales. The results of
this work are compared with other vortices (vortex systems) with
similar non-dimensional characteristics, i.e. Reynolds numbers,
velocity ratios, swirl, etc. Even though the scale of the vortices is
significantly different, the comparison of the dimensionless pa-
rameters shows a satisfactory level of agreement. A comparison
was also carried out based on visual similarity, e.g. in the study of
Fig. 7. Temperature fields defined on collectors (left); bottom collector (middle top);
top collector (middle bottom); resulting temperature distribution (right).
(Refan and Hangan, 2016), it was noted that vortices with a swirl
ratio between 0.57 and 0.96 show intertwined helical vortices and
since the swirl ratio of the vortices in this study was between 0.57
and 0.68, the results are compared in Fig. 8. It can be seen that the
intertwined helical vortices are clearly visible both in the numerical
and experimental data (Refan and Hangan, 2016) and that the in-
crease in intensity regarding the intertwined helical vortices was
proportional to the increase in the swirl ratio. The agreement
cannot be perfect due to the steady-state nature of the simulations
vs. the transient experimental data, but the similarity is apparent
and reasonable. The comparison of integral values like mass flow
rates with data found in other experimental works are not possible
for the studied cases since the mass flow rates are very large due to
the sheer scale of the SPD and for this reason the focus of this work
on local scale validation for similar dimensionless parameters, i.e.
swirl ratios.

In the mentioned experimental investigation (Refan and
Hangan, 2016), it was observed that the normalized velocity pro-
files show quite similar trends for different Re numbers. Similar
trends were also observed when comparing data for Case #9 at
different velocities, Fig. 9. It can also be observed that the swirl ratio
of the numerical model was independent vs. the Re number, indi-
cating that the shape of the guide vanes plays a crucial role in the
designing phase (for establishment of desired vortex).

The pressure potentials are compared in Fig. 10. The numerical
Fig. 8. Comparison of numerical data vs. experimental visualization: Top left e Case
#1, S¼ 0.68; Top right e Case #9, S¼ 0.57; Bottom e experimental visualization of
intertwined helical vortices from Refan and Hangan for S¼ 0.57e0.96 (comparison
with (Refan and Hangan, 2016).



Fig. 9. Comparison between normalized tangential velocities for different Re numbers,
this study (left) vs. experimental results of Refan and Hangan (Refan and Hangan,
2016).

Fig. 10. Comparison of normalized pressure distributions along horizontal line (left)
and surface static pressure deficits (right) at S¼ 0.73 with closeup of central region
(right magnified).

Fig. 11. Radial profiles of normalized tangential velocity at various geodetic altitudes
CFD (left) vs. exp. Refan and Hangan (S¼ 0.57) (Refan and Hangan, 2016).
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and experimental results indicate that the resulting pressure po-
tentials are quite similar for different Re numbers. However, there
are differences in the pressure distribution due to the fact that the
experimental data were collected at ground level while in the nu-
merical model it was collected at the outlet from the short diffuser
because the ground data were significantly different due to the
Table 4
Comparison of specific examined cases.

Case q1
�

q2
�

Torque
∙106 Nm

Dp kPa v
m

#1 5 5 0.830853 0.3955
#2 5 10 0.835082 0.3928
#3 5 15 0.821575 0.3914
#4 10 5 0.875523 0.4037
#5 10 10 0.871750 0.4032
#6 10 15 0.857887 0.40182
#7 15 5 NA NA
#8 15 10 0.881054 0.4044
#9 15 15 0.865521 0.4049
presence of the guide vanes and collectors.
Finally, the comparison was done between vortices with

S¼ 0.57 at different altitudes in Fig. 11. Even though the scale of the
vortex is different, the agreement is quite high, even in the
boundary regions at higher r/rc ratios.

As demonstrated, the numerical results showed a satisfactory
and reasonable level of agreement with the experimentally ob-
tained data. This indicates that the developed numerical model is
credible and can be used for further numerical investigations and
development of the concept (which will involve the installment of
wind turbines and examination of its effect on the shape and sta-
bility of the gravitational vortex, which is part of future research
work).
4. Results and discussion

4.1. Influence of guide vane topology on shape and stability of
gravitational vortex

Since the guide vane topology significantly influences the vortex
shape and stability, 9 different configurations were considered and
the results are outlined. Table 4 gives an overview of the operating
parameters, structural wall loads, i.e. torque on walls, pressure
potential between the inlet and opening, as well as the averaged
tangential and axial velocities in the throat region and the updraft
region. The previously mentioned velocities were used for the
calculation of the swirl ratio which is also shown in Table 4 and for
the total heat transfer from the top and bottom collector to the
fluid. It can be noted that the heat fluxes are different for each case,
especially for the top collector, this is due to different velocity for
each case, a consequence of different guide vane topology. How-
ever, other results are quite similar; therefore it is necessary to
study the localized parameter distributions along the horizontal
cross-section at certain geodetic altitudes.

An altitude of 200m was chosen because it shows a higher
difference in results, while at lower altitudes the results nearly
overlap. The objective was to determine which configuration of q1
and q2 angles results in lowest pressure potentials in the vortex
core, i.e. highest tangential velocity (thereby indicating the stability
of the vortex). Fig. 12 shows the results for the considered cases and
it can easily be seen that Case #9 shows the best results, i.e. vortex
of highest stability.

One of the issues was also to determine the most appropriate
configuration for the guide vanes when installing wind turbines in
a future study, the local velocity distributions along the solar
chimney throat area are significant for determining the required
wind turbine type and design. Amongst the velocity profiles, shown
in Fig. 13 (bottom), extracted along the lines, Fig. 13 (top left and
right), it is determined that the more suitable velocity profiles are
the ones with a lower velocity gradient, i.e. lower peak velocities. It
can be noted that Case #9 shows such behavior, i.e. it is amongst the
tan,ave

s�1
vax,ave
m s�1

S
/

Qtop coll

W m�2
Qbottom coll

W m�2

11.20 16.37 0.68 130.59 114.35
10.87 16.61 0.65 104.58 115.10
10.59 16.67 0.63 91.68 116.11
10.31 17.72 0.58 199.87 114.98
10.11 17.82 0.57 83.00 114.61
9.86 17.90 0.55 94.7 115.61
NA NA NA NA NA

10.30 17.77 0.58 81.77 114.82
10.10 17.77 0.57 74.12 113.94



Fig. 12. Comparison of gauge pressure (left) and tangential velocity distributions
(right) along horizontal cross-section at geodetic altitude of 200m.

Fig. 13. Lines for extracting tangential velocity profiles (top left) and axial velocity
profiles (top right) and corresponding velocity profiles for each line (bottom).
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best candidates. Therefore, Case #9 was chosen for thorough vali-
dation vs. available experimental data.
5. Conclusions

The previous numerical study (Ni�zeti�c et al., 2017) resulted in
the conclusion that the CFD analysis was capable of simulating a
stable vortex structure under steady-state operating conditions,
with a geometry similar to the one described in the Nini�c and
Ni�zeti�c patent application (Nini�c and Ni�zeti�c, 2007). However, the
operating pressure required for maintaining a stable vortex in the
previously mentioned study was in an order of several kPa, and
resulted in high velocities in the updraft region of the solar chim-
ney. The high velocities in the updraft regionwill consequently lead
to high structural demands for the SPD structure and also cause
high structural requirements for the wind turbine power genera-
tion. An modified numerical model was elaborated in this study in
terms of capability for vortex genesis at pressure potentials which
are encountered during the genesis of atmospheric vortices that
can be found in nature, while the velocities in the updraft region are
lower than 20m s�1. The agreement of the results indicates that the
model is reasonably accurate, robust and feasible for further im-
provements (taking into account that the SPD gained vortex shares
are the main characteristic of realistic vortex systems). Different
guide vane topologies were examined by the developed and
improved numerical model, where nine specific cases were studied.
The best case was determined based on vortex stability and mini-
mization of velocity peaks in the updraft region. The most suitable
case analysis was conducted at different Reynolds numbers and the
results were compared with the available experimental (labora-
tory) data. The results of the analysis also indicate that the swirl
ratio of the vortex can be precisely maintained by designing the
appropriate topology of the guide vanes, which is an important
finding from a design point of view. Namely, the previous means
that based on the topology of the guide vanes, the intensity of the
vortex can be controlled and an accidental genesis of multiple
vortices can be prevented (that occurs at higher swirl ratios). In
future investigations, the installment of wind turbines will be
introduced along with an examination of its effect on the vortex
genesis and stability in general. Finally, the herein gained research
results contributed to further understanding the complexity of
vortex in terms of the possible technical utilization of carbon-free
electricity production using an SPD alternative renewable energy
concept.
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Nomenclature

fi: specific body forces
h: sensible enthalpy, J/kg
k: turbulence kinetic energy, m2/s2

kc: molecular thermal diffusivity, W/mK
kt: represents eddy thermal diffusivity, W/mK
p: pressure, Pa
R: specific vortex radius, m
rc: vortex radius at maximal tangential velocity, m
Rij: Reynolds stress tensor
S: swirl ratio, /
Sh: volumetric heat source, W/m3

V: velocity, m/s
vtan,ave: velocity tangential, averaged, m/s
vax,ave: velocity axial, averaged, m/s
T: temperature, K
Qtop coll: heat flux top collector, W m�2

Qbottom coll: heat flux bottom collector, W m�2

yþ: dimensionless wall parameter

Greek symbols

Е: turbulence dissipation m2/s3

q1, q2: blade angles along the camberlines
m: molecular viscosity, kg/ms
mt : turbulent viscosity
r: density, kg/m3

Dp: pressure potential, Pa

http://refhub.elsevier.com/S0959-6526(18)33723-5/sref27
http://refhub.elsevier.com/S0959-6526(18)33723-5/sref27
http://refhub.elsevier.com/S0959-6526(18)33723-5/sref27
http://refhub.elsevier.com/S0959-6526(18)33723-5/sref27
https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement
https://unfccc.int/process-and-meetings/the-paris-agreement/the-paris-agreement
http://vortexengine.ca

	Solar plant with short diffuser concept: Further improvement of numerical model by included influence of guide vane topolog ...
	1. Introduction
	1.1. A brief overview of the experimental approaches
	1.2. A brief overview of the numerical investigations

	2. Upgraded numerical model
	2.1. General circumstances regarding the CFD modelling
	2.2. General governing equations
	2.3. Geometry
	2.4. Mesh
	2.5. Boundary conditions
	2.5.1. Inlet
	2.5.2. Opening
	2.5.3. Top and bottom collectors


	3. Model validation
	4. Results and discussion
	4.1. Influence of guide vane topology on shape and stability of gravitational vortex

	5. Conclusions
	References


