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Abstract. In the presented work, it is made a numerical ptadout the main physical principle of a solar chey
(SCPP — Solar Chimney Power Plant) and the infleeocsome geometric parameters on the availableepawthe
SCPP. The height of chimney and the collector mdite changed according to Constructal Design. Gaeerator
area is maintained constant and the geometry igrsitieed to two degrees of freedom: R/H (ratio betwiwe collector
radius and collector inlet height) and,/R, (ratio between the chimney outlet radius and S®RRht). The main
objectives are to test the applicability of the posed numerical model in future studies of SCPPmgac
optimization and to test the influence of the ratYH and RH, on the available power of the device. For thasit
considered an incompressible, turbulent, steady flath mixed convective heat transfer in a two-disienal and
axisymmetric domain, similar to the one found so&r chimney. The conservation equations of nrasspentum and
energy are numerically solved using the finite wwdumethod, more specifically with the FLUENSbftware. The
classical turbulence modeling (RANS) was used Herttirbulence approach with standard model k +or every
studied cases, Constructal Design allowed the img@moent of available power. The best performance ala®st
80 % higher than the worst evaluated geometryals aiso seen that the ratia/R, and R/H has a large sensibility in
the available power.
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1. INTRODUCTION

The rises of oil prices and energy demand combii#id recent environmental restrictions have quiaklised the
global demand for renewable energy sources. Thar salergy is one of the most promising solutiorspeeially
considering its technology, improvements and fasetbpment. According to let al (2014), solar energy is free from
carbon emission, inexhaustible, sustainable, irem ftosts (in its basic form) and practically untad. Beyond that, it
has an enormous potential, which could supply teldvenergy demand. Therefore, recently, with teerdase of
fossil energetic resources and the increased sffettglobal warming, many countries have providathricial
incentives for the development of solar power @aircluding not returnable subsidy, long-term Bavith reduced
taxes and others. One of the alternatives propiostie literature to supply those demands is tharshimney power
plant (SCPP), which is a device that turns solargninto electricity.

The SCPP is composed by three essential partgotleetor, the chimney and the turbines. The chirmisea long
cylindrical structure usually positioned in the tnof a greenhouse collector, which is made afgparent glass or
plastic film (Patelet al, 2014). According to Jones (2011), the physicatgiple of operation of the solar chimney
consists in the heating of an air layer, whichadhinside the collector. The heating is carried loyithe incidence of
solar energy in this film, where some of the ratliamergy is going to be transmitted through thdectdr to the air
between the film and the ground. The transmittdarsmergy hits the surface of the ground andatterd absorb part of
it, while the other part is reflected back to tldlector. With modified wavelength, upon the ingide in the ground,
the radiant energy suffers multiple reflectionsamstn the ground and the collector film, resultingiraise in absorbed
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energy by the ground. Once the ground is warmathaside the collector also warms up and tenchtwe by natural
convection to the chimney region, expanding thoagdhrbine, which is located between the collectat the chimney
(which has its outlet in an atmospheric pressuggorg. It is worth notice that, when the warm aiovas up to the
chimney, a depression region is generated in thleator periphery which causes the external air srasction that
exchanges heat with the ground and the collectdgnsifying the thermal exchange in the collectegion and
increases the movement quantity of the air thatedp through the turbine. This kinetic energy @& #ir turns the
turbine blades, which move the energy generatdrat Way, one of the main objectives in solar chiyjnpmjects is to
increase the movement quantity in the turbine megio

The energy harnessing technology of the solar céyma well seen as one of the methods that caizaitiiolar
energy in large scale. The solar chimney has neradweffect on the environment, do not need waitereffrigeration
and has a low maintenance cost, unlike what ociturgther solar energy devices that require higlarfoial cost
technology (which makes it unfeasible in large sfarhose advantages makes the SCPP a promisimgotegy for
electricity generation in regions with abundanas@nergy such as Brazil, for example €Lial, 2014).

Some studies were performed about this subjech aaahe experimental investigation carried ouZhygu et al
(2007) where the environmental temperature, digtidn of the temperature, ground temperature angeddcity in a
solar chimney system were analyzed.

According to Dhahri and Omri (2013), the SCPP rede&an be separated in four groups: (1) the cdnaeg
validation of working principle, (2) simulation afevice performance and structural optimization, €8)imative of
power capacity and (4) technical and economic edain. The concept and working principle of the £C&e
validated mainly through experimental devices andlgdical calculations, one of the most successimong the
presented is the Manzanares plant, in Spain (ldaafl, 1983). It is also found in literature the devetgmt of
mathematical models to predict the system perfoomdas Pretorius and Krdger, 2006). Relative toerical studies,
some has been dedicated to understanding the loetafvielocity field, pressure and temperaturehia S8CPP and
regarding the turbine performance (as etual, 2011); while others are developed aiming to mméze its useful
available power in the turbine region by means mmpatric variation, as in Patet al. (2014) which developed a
Computation Fluid Dynamics (CFD) three-dimensiomabdel in the software ANSYS-CFX to perform twelve
simulations to attain a tendency of the effecthef tollector height, collector outlet diameter éimel chimney diameter
on the available power in the turbine.

In the presented study will be evaluated the use sifmplified numerical model, similar to the orsed to Pateét
al. (2014), in a two-dimensional axisymmetric domainai incompressible, turbulent and permanent floth wieat
transfer through mixed convection. The main advgmtaf using a simplified model is the possibility minimize
computational effort, allowing the achievement ajraater number of simulations. At all were attdi28 simulations
allowing the evaluation of the collector height aridmney outlet diameter influence on the usefidilable power on
the SCPP turbine. To do so, continuity, momentuich @nergy equations were numerically solved by theEENT
software, which is based on the Finite Volume MdtlleVM) (Patankar, 1980; Verteeg and Malalasek2987). For
the numerical approach of the turbulence is usedRaynolds Averaged Navier-Stokes (RANS) classicatleling
which consists in the application of a time averagerator in the conservation equations (WilcoX)20To solve the
closing problem of the turbulence is used the moélelo differential equationk —¢ (Launder and Spalding, 1972).

2. THEORY

The time averaged conservation equations of massnentum and energy for the solution of turbulent,
incompressible flows with heat transfer by mixedwection are given by (Bejan, 2013):
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where {) represents the time average operatgris the fluid density at the reference temperaflugm?); g is the
thermal expansion coefficient @; x is the dynamic viscosity (kg/ms); is the bulk viscosity (kg/ms)y is the
kinematic viscosity (m2/s) is the thermal diffusivity (m2/s); is the velocity in the directionj = 1, 2 and 3 (m/sk;
corresponds to the spatial coordinatg¢,= 1, 2 and 3 (m)P is the pressure (N/mJ; is the temperature (°C or K} is
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a reference temperature (°C or I§)is the gravity acceleration in the direction 1, 2 and 3 (m/s?)j; is the Kronecker
delta;Q is the spatial domain (m); atds the time domain (s).
In Eqg. (2) and Eqg. (3) the turbulent viscosity) @nd the turbulent diffusivityd) are given by:

k2
= pCﬂ? (4)
4= ®)
Pr

To estimate the4 is necessary to obtain values of the turbulengtiGnenergy K) and its dissipation rate)(along
the domain. For this, two additional equationssareed (Wilcox, 2002; Launder and Spalding, 1972):
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The constants employed to solve the additionakpart equations, Eqs. (4) - (7), are shown in Tab.

Table 1. Constants used in the € model, Egs. (4) - (7).

Constants| Values
C. 0.09
Ca 1.44
Co 1.92
Ok 1.00
o, 1.30
Pr, 1.00

The conservation equations that model the probEgs. (1) - (3), as well as the differential equagicof the
turbulencek — ¢ model are solved by the Finite Volume Method (FyMpecifically using the software FLUENT
(FLUENT, 2007). The solver is pressure based ahhalsimulations use thé“2rder Upwind advection scheme and
the SIMPLE method for the pressure-velocity couplifore details about the FVM can be found in Pleaarf1980)
and Versteeg and Malalasekera (2007).

The numerical simulations were attained in a compatuipped with 6 processors AMD FX6300 with 3.HzG
clock and an installed 4 GB RAM memory. The proessime for the simulations was approximately £.50° s. The
simulations were considered converged when, betwgerconsecutive iterations, the residuals for massmentum,
and energy equations were smaller thaf, 10°, and 1, respectively, as well as the residual for théulence model
equations was smaller than™@0n all of the simulations were carried out 70®€rations. Besides, sub-relaxation
factors of 0.7 were imposed in the conservatioragqus. It is important to mention that a indepergemesh test was
performed to define an adequate mesh to be usédisrkind of problem. The study above quoted isngoio be
presented after the problem definition (next sejtio

3. PROBLEM DESCRIPTION

The problem consists in the application of the truesal design for the influence evaluation of sogsmmetric
parameters variation over the behavior of a sdianoey. To do so, considering Fig. 1, the degrééeedomR/H and
Ry/H, can vary; while the ratibl/H, = 10, the inlet radiugR, = 0.125 m), the outlet radiuR{= 0.5 m), and the height
(Hsz = 0.6 m) of the generator chamber are constardacél the SCPP height, the collector radius, tled and outlet
radius of the collector section are variable accwydo the values showed in the Tab. 2. The physigaditions of the
problem are the same considered by Pettell. (2014), except for the computational domain thas wonsidered here
as axisymmetric. The work fluid is air, being calesied as ideal gas. The acceleration of the gtaorit field acts in
the negative way of thg direction, as shown in Fig. 1. The reference pnesss atmosphericps = 1.0 atm). As
boundary conditions, a prescribed presspre (.0 atm) and a prescribed temperatdre 303 K) are imposed at the
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collector inlet (surfac&,;) and at the collector outlet (surfaBg. This temperature can be considered since inghte
H = 10.0 m the air temperature does not differ carsible in respect to the air temperature on thergtaegion. In
addition, to the ground (surfa&) a boundary condition of no slip and impermeapiliith a prescribed temperature of
323 K is adopted. This temperature represents dlensrming effect by the energy absorbed in thééector. The
remaining surfaces in the computational domain havelip and impermeability condition and are thaltynisolated
(adiabatic).

R1

Chimney

Generator Chamber

Collector Al

51

(a) (b)

Figure 1. SCPP geometry: (a) components, and (hgmsions.

Table 2. Geometric variation of degrees of freedom

R/H H (m) Hy(m) R (m)
10 0,1294 1,2942 1,2942
20 0,0953 0,9526 1,9052
40 0,0693 0,6930 2,7720
60 0,0573 0,5730 3,4381
80 0,0500 0,5000 4,0000

100 0,0450 0,4495 4,4952
150 0,0370 0,3700 5,5496
200 0,0322 0,3219 6,4387
250 0,0289 0,2889 7,2221
350 0,0245 0,2452 8,5819
500 0,0206 0,2059 10,2964
800 0,0163 0,1635 13,0772

It is worth to mention that the parameters preskmerlab. 2 were defined considering the imposattiations for
the collector and chimney areas, @ndAs, see Fig. 3) and the degrees of freed®il,, R/H, andH./H. In the first
geometric evaluation process the DB is varied whileRy/H, andH,/H are kept constants, being the maximum
available power obtained called as once maximizetithe correspondent optimal geometry called ag @ptimized
R/H ratio. After that, the DOIRy/H, assumes different values and for each of thesgegsahe DORR/H is also varied,
being the maximum available power reached in thiscess called as twice maximized and the correspuad
geometries, Ri/H,), and &/H),, are called as once and twice optimized geomeffiesrefore, the Tab. 2 presents an
evaluation range for the DARH for the different values of DORy/H, studied in this work.
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The main goal of the presented work is to maxiniieesolar chimney available power, evaluating ttece of the
degrees of freedoR/H andR;/H, in the device performance. The SCPP available p@agiven by:

_PAY
I:)avaiable - T (8)

wherep is the air density (kg/fi A is the cross sectional area of the SCPP in thHen@imegion (f) and V is the
spatial average velocity at the analyzed sectiags)(m

4. RESULTS AND DISCUSSIONS

A mesh independence study was carried out, coms@ldiscretizations for the computational domaithwi8000,
19600, 20400, 23600, and 25500 rectangular compntdtcells. It was adopted in the wall and turbiegions a
further refinement of the mesh using a stretcheshm&he velocity profile at the domain symmetryioagttained with
these meshes are presented in Fig. 2. The readitate that the velocity obtained from the meshigs 23600 and
25500 cells present a relative difference less th@n%. On that basis, it was considered the indgget mesh with
23600 cells, being this mesh used for all numesoallations performed in the present work.

10 T I T I T
—— 18000 Cells
7 — 19600 Cells
20400 Cells
&+ — 23600 Cells
25500 Cells
6 -
g/ -
>
4 4
2 -
0 T I T I T I T
0 2 4 6 8

Velocity (m/s)
Figure 2. Mesh independence study.

After the mesh independence study, a verificatibrthe proposed numerical model was realized compaitis
results for the velocity field magnitude in the axégion of the SCPP with those obtained by Ratal (2014), as can
be seen in Fig. 3. It can be observed in Fig. 3 tha results present an average deviation of aBdut%. The
maximum velocity found in the present simulatioss,i.x = 7.68 m/s while in Patadt al. (2014) was reached a top
velocity of vpax = 7.82 m/s. Besides, in the Pagelal. (2014) results there is a fluctuation in the véioprofile in the
chimney region comprised in 6 fy < 10 m that is not obtained in the simulations @& gnesent work. The behavior
found in the reference is not foreseen once tter®iforce in the chimney central region that cesuce the profile
only in that region. Despite the differences shdetween the present results and those of RatEl (2014), one can
note that the results are in agreement, mostlhértarbine region where the adequate estimatineoi® important for
the SCPP available power prediction.
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Figure 3. Verification of the proposed computationadel.

Figure 4 shows the effect of tiR¢H variation for two values dRy/H,. Generally, the results indicate that the reason
R/H presented a great influence on the available p@®erThe increase of the ratR/H conducts to the generation of
higher powers, due to the greater radius in thasescif compared to the lowfH values. Since the flow rate is the
same for all studied cases, the greatest colleathus is the best option because it can promddegast capture of the
radiation energy which hence is transferred toitis&de air of the SCPP. So, for example, the abkdlgpower for
Ry/H,= 0.05 withR/H = 800 is 28.73 W and witR/H = 10 is 6.03 W, being achieved an improvement atol@Pb.
This behavior was also observed for the cases RyitH, = 0.10. In addition, it is possible to note in Higthat from
R/H around 350 there is a stabilization trend forakeilable power around a constant value in bothesabfR,/H,. It
is also showed in Fig. 4 that the augmentationhefR;/H, value leads to a reduction of the available powfer.
compared the cases wifH = 800, the difference between the available pomteenR,/H, = 0.05 is over than 50%
which whenRy/H, = 0.10. Therefore, these results indicate thatdbgree of freedonR,/H, has influence on the
available powerR).

Figure 5 presents the velocity magnitude distrioutdf three studied cases, for the rd@igH, = 0.05. It can be
noticed a lower velocity magnitude whé&iH = 20, justifying the lower value for the availabpewer in Fig. 4.
However, whenR/H = 350 there is an augmentation in the velocity mitage which causes the improvement on
available power (see Fig. 4). Besides, there iggmsiderable increase in the velocity magnitudenfRIH = 350 to
R/H = 800, explaining why the available power has th&oat constant behavior already mentioned (seedjig.

Finally, the Fig. 6 shows the temperature distityubf the same cases presented in Fig. 5, allotdreyaluate the
effect of different collector radius on the SCPErthal behavior. As the value of rafiH increases one can note a
more uniform distribution of maximum temperaturetie computational domain. It can be explained bsedor
higher values oR/H the collector has a larger dimensiBr(see Fig. 1b) allowing a better radiant energyoghtfon.
Hence, this affect directly the available powencsi the air has more energy to speed up and mevgetherator's
blades.

5. CONCLUSION

In this work a numerical study was conducted tcestigate the applicability of constructal desigrailSCPP, as
well as, to evaluate the influence of some SCPHngé&ic parameters influence in its available poweraddition,
other objective of this work was to verify the pogpd numerical model for the simulation of SCPPatrgg principle,
aiming to employ these model in future researchreall numerically simulated cases it was considezempressible,
turbulent, and steady flow, with heat transfer tiygto mixed convection in an axisymmetric two-dimensi domain.
The mass, momentum, and energy conservation eqgeadi@ solved numerically using the finite volumetmod, by
means the FLUENT software. To address the turbelevas used thie—e model.
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Figure 4. Effect of variatioR/H in the available power for differen&/H,.
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Figure 5.Velocity magnitude (axisymmetric): (&/H = 20, (b)R/H = 350, and (cR/H = 800.

The results obtained with the proposed numericallehavere in agreement with those presented by Ratal.
(2014), verifying the computational modeling.

The study about the influence of the degree oftdiveeR/H on the SCPP available power indicates that theease
of ratio R/H can significantly improve the available power. Thsults show that it is possible to improve theilable
power in almost 80 % applying the constructal desigethod by the variation of rati&’H. Enhancements of up to
55 % were reached when the reigH, was changed from 0.10 to 0.05.

Finally, analyzing the velocity and temperatureld$e one can note that the use of an adequate geomet
configuration of SCPP promotes better fluid dynarmaied heat transfer behaviors, explaining its penforce
improvements.

Therefore, the numerical simulation allied to tlwnstructal design method can be applied to studyggometry
influence of an SCPP device, allowing to find basapes which conduct to a superior performancefutime works
other values for rati®;/H, will be investigated.
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Figure 6. Temperature field (axisymmetric): (RYH = 20, (b)R/H= 350, and (c]R/H = 800.
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