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Abstract:

In this present work, the power generatperformance in a chimney solar prototype (SCRp w
investigated using computational fluid dynamics PJF The main objective of this study is to examihe
impact of the chimney shape in the power outpua &fCP. The CFD analysis is used to determine taiém
of the turbine using available power. The modeldabdated by experimental results from the literatteview
and used as predictive tool. The influence of theogber temperature, the geometrical shapes otdle
chimney system on the power output of the SCP. 8 hesults lead to the better understanding ofrtigact on
these parameters on the thermal updraft wind S@Patipg system.
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1. Introduction

In developing the original idea for the purposeegploiting solar energy, simple techniques in dase,
the greenhouse, the chimney and the windmill wemalined in an uncomplicated collector and conversio
system. Thus the solar chimney was born. The sbilenney power plant concept was originally proposed
1903 by Isidoro Cabanyes [1]. In 1931, a descniptiba solar chimney power plant was presented biytiGer
[2]. The basic study on the solar chimney conceg performed by Schlaich in the 1970s, and in 188fhiegan
the construction of a 50kW pilot solar chimney powkant in Manzanares, Spain [3,4]. Studying theaat of
different components in a solar chimney is a prinmask for designing a solar chimney power plargatet al.
[2,3] indicated that the critical roles of chimnbgight and air temperature in determining the sgsp®wer
output. Pasumarthi et al. [4,6] established a nma#ttieal model for estimating the heat transferpngcess and
the air flow in a SCP. The main controlling paraenghvestigated was the chimney inclination. Thieafof
other parameters, curvature effect in the outwpatgbolic form) and in the interior (hyperbolic rigron the
updraft velocity of the air through a chimney, atss temperature, has also been investigated. bfextive
was to use the numerical results to validate thevipusly proposed correlations and, more imporyartth
establish a new empirical correlation that is ursa#ly applicable to a wide range of chimney shagped to
increase CSP performance. The analysis describethin communication was originally performed by
Motoyama et al. [7,8] and results have been preseintconference papers 4, 5, which have since biéehin
new work by other authors.

2. Mathematical and Physical Model

2.1 Experimental model and the configuration

The basic dimension of the SCP was boilVind Engineering Section at Kyushu Universigsearch
institute for applied mechanics (RIAM) Japan [7% as follows:
chimney height for cylindrical and conic shape, 2animney radius, 0.16 m; collector radius, 1.5 haight
between the inlet of the collector and the certe¥,m (as shown in Figure. 1).
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Figure 1: Schematic diagram of a SCP [7]
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The collector is made of acrylic and tmper surface is covered with a vinyl sheet friwa top so that
the ascending wind does not leak out. 8 375 W hetdéeents are attached to an iron plate of 1.5Ib>m x 9
mm in thickness using this as a unit panel, 4 maaet combined to form a heater. Based on thetsestil
previous laboratory experiments [3,4], to find autimal chimney shape, a series of experiments weneucted
indoors, as described below. In these experimémtssurface temperature of a heater plate (abgasbeach set
point was controlled to maintain constant absotieenperature. Therefore, all the measurements wexdem
under almost steady thermal conditions. The tinstohies of velocity updraft were recorded for 3@r&l its
time-mean values were evaluated in the presentriex@ets. An ultrasonic anemometer was installedvso

above the wind turbine (see Figure 1).

2.2 Mathematical modelling
In this study the following assumpti@rs adopted:

= The flow is steady,
Incompressible fluid. The Boussinesq model is erygdioand assumes that density can be treated as a

constant except in the buoyancy force texn
The collector surface and chimney surface is asduméder natural convection condition,
The chimney wall is assumed insulated. The inlesgure is 101325 pa and the outlet pressure at 2.2
meters chimney height is assumed 101325 pa whighpgsopriate for such short chimney,
The gravity in the positive z-direction1s9.81 m/éwhile zero on all other direction,

= The temperature of the absorber surface of thectolt is assumed to be the same.
Since the purpose of this numerical study is toeustaind the flow characteristics and the effe¢chefgeometry
on the solar chimney performance that was buiRliAM, not the assessment of turbulence models, dieicided
that a standard-e model would serve the purpose which is also adbpyeother study [9,10]. The conservation

equations and the standareekurbulent model used in this study is shown below:
Continuity equation:

6ui _

o 0 )
Momentum equation is described by:

A S I I i | DO
pul 6xj - 6xi pgl + 6x] [ <6x1 + 6xi>] pulu} (2)
The energy equation in the following form:
Ty _ 8 [w or
'Duja_xj_ 0x; [Prax]- pT J] ©)



Reynolds stressqmlu in this study are solved using the standard higinRlds number+4e model [11] with
wall function to resolve the wall bounded effedise kinetic energy of turbulende= u;u;/2, and the rate of

dissipation of ke = (u/p)(du;/dx;)(0u;/dx;) are solved using the following transport equations

9k _ 9 Be) Ok _
'Dujaxj_axj ('u+aK)6xj]+PK pe (1)

de 0 g2
PY o = ox, (.U + 05) ] +Cis + Clspl(k Coep o 5
where, 4 is the turbulent eddy viscositlk represents the generation of the turbulent kiretergy and—pT’_u]’.
is the turbulent heat flux, which are calculatequations (7) and (8) respectively.

ue=CpS @
e ()
Ty =%(3) @

0x;

For the standard- models, the constants have the following valugs [9
C1,=1.44,C,,=1.92,(,~0.09,0;,=1.0,0,= 1.3.

Once equations (4) and (5) are solved for k artieefurbulent Reynolds stress in equatidnig calculated as
follow:

ou; , 0
,0 i ] |:.ut( - +6_1:C])] _‘Pk5u 9)

The variation of air density due to the heatingcess was calculated by using the Boussinesq Appation
that only considered the buoyant impact in the bfodge term in the Navier-Stokes equation [12]:

p=poll—pB(T—Ty)] (10

Equation (10)is used to solve fop and substituted into theg term of Equation (2). The other terms in
Equation (2) and (3) are constant equahto
We define power aB, is calculated as follow:

P,y = %Cp X pxXAxu (11)
Where,C, is the power coefficient, A is defined as sectdrehimney and is represent mean updraft velocity.

2.3 Numerical Procedure

Three chimney shapes different: cyliodki conic, parabolic and hyperbolic are used ffar analysis.
Each form is modelled as show in figure 3 using@aenbit tool of Fluent CFD software package [18]attual
condition of the absorber temperature of the ctdle@ temperature difference exits between thedlaidnd the
edge of the absorber. The air temperature variatiosts of the edge at the centre of the absorneser by the
surrounding environment of the experiment. Thisdsause of the natural convection heat loss frenttiimney
aperture to the ambient. Therefore, in the presenterical analysis a temperature differen&€)(of 20, 25, 30,
35 and 40°C has been considered between absorferesand ambient temperature of the laboratory.
The governing equations are discretized by a seoomer upwind numerical scheme, coupled with tHdFELE
algorithm (Semi-Implicit Pressure Linked Equati@md solved using the finite volume method. The sres
velocity coupling is performed by using the SIMPAgorithm. Default under-relaxation factors of smver
are employed. The criterion of convergence is tih@mormalized residuals which are fixed at-6.ér the flow
equations. Calculation of the numerical domainsregsired about 20min of CPU time. The computatiwase
run in Core i5 CPU 2.20 GHz with 8.0 GB of RAM.
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Figure 2: Three-dimensional meshes in four diffesttapes.

Data for an acrylic sheet and absorber plate mgesf optical factor is illustrated in Table 1.

Table 1: physical properties of walls of the salimney prototype
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3. Results and d

The numerical simulation was carried asing the FLUENT software which allows simulatiag3D

model of a solar chimney prototype. The resultseweompared with the experimental and numerical data

available in the literature to validate the mod8| [s shown in figure 3.
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Figure 3: Comparison of velocity between CFD maatel sonic anemometer data at point (y = 0, z = 32

The velocity of the updraft in the calichimney exceeded that in the cylindrical chimréyhe rotor of
a wind turbine is set at this point, a larger powetput is expected. A good agreement between empetal
and numerical results was obtained.

Table 2: Curve fitting in the cylindrical and corlicaimney and the prediction of optimal geometry

Curve equation u=A + BxAT
cyl EXP Cyl CFD con_EXP Con_CFD
A 0.570 0.566 0.382 0.458
B 0.030 0.031 0.070 0.068
R? 0.99905 0.99984 0.99883 0.99915

Figure 4 presents the velocity updrafgtic pressure and air temperature through thghhaif the
chimney. We notice that velocities in the threepslsa(cylindrical, conic, parabolic and hyperboiit}rease
regularly with increasing temperature differencéngen absorber plate and ambient temperatureglmei4(a)
and 4(b) the maximum of the upward speed can lerméated from Table 4 (turbine assembly poiA.can be
seen in Figure 4(e) and 4(f), temperature is deegtdecause air flow is rising in the chimney asasim table

3

The temperature rapidly falls because of the veglogpdraft of three forms (conic, parabolic and énjgmlic)
compared from cylindrical shape, because as hotsais with important velocity updraft, air tempteira rapidly
falls; outer portion of the chimney is insulatedrfr four shapes. Air velocity in collector was sldue to larger
height (0.2 m) compared of the chimney radius. Anthe point of z = 0.38 m and it rises rapidlyha point z =
0.5 m due to the sudden contraction in chimneyicest

The static pressure parameter can b& asen indicator of the instability zone. As shawifigure 4(c)

and 4(d), the minimum negative values of staticspuee represent the potentials of the maximum uwpwar

velocities in the chimney. This means that the ciéls are important in the three forms comparedht®
cylindrical shape; however, the decrease of thécspeessure remains persists in the hyperbolimfand the
decrease of the velocity updraft is slow comparetheé conic and parabolic forms. Thus, we cantbaythe
hyperbolic form is similar to the cylindrical for(the stable velocity updraft).
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Figure 4: Profiles of air velocity and temperattimough the chimney for different shapes of chimref:
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The power available is expected to iaseefor the hyperbolic chimney. Figure 5 (b) shokes power
available vs. temperature difference. From theltesn Figure 11, whereas the ratio of velocityvbetn the
hyperbolic shape and cylindrical shape is morethé&power available for the hyperbolic shape taunsto be 5
times greater than for the cylindrical shape. Tifibecause the power output is proportional tocthtee of the
velocity. In the case of a wind velocity of 2.53d m/s as shown in [8], Cp is the maximum at adoartip
speed ratio of. Where Cp = 1.1
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Figure 5:The effect of chimney shape on the power output

Figure 5 (a) and 5(b) shows the effect of chimnegpe and the chimney height on the power availabtee
system. As analysed above, when the temperaturegtsysplate is constant, an aperture output otctiimney
height causes an increase of the mass flow ratethendriving force as well. The driving force dae used to
drive the axis-based turbine. The increase of Wgiviorce will result in the increase of the pressdifference
across the turbine. Therefore, the chimney heigbténdirect effect on the power output of the systeigure 5
shows distribution of the power available for diéfet chimney shapes and we observed a reasonaklenagnt
with literature

Table 3 shows that the maximum velocity is occgriimside the chimney at different levels, sameFower out
and comparative

Table 3: Comparison between the air velocitiesioled by CFD simulation

Chimney type| z(m) tha{M/S) u(m/s) Pma{mw) m (kg/s) ratio
cyl 0.50 1.87 1.82 22.68 0.1651441 1
con 0.39 3.44 2.43 141.26 0.3182465 4,74
par 0.36 3.38 2.18 134.72 0.3182036 4.12
hyp 0.43 3.39 2.70 135.42 0.3019360 5.63
Conclusion

The investigation of the velocity updraft from solehimney shapes was undertaken numerically and was
validated using the published experimental redatlt$wo different chimneys geometries (cylindrieald conical
shape). A good agreement between experimental amemcal results was obtained, it is determined dioe to
the shape of chimney is affected, performance efsifstem increases positively. In the conclusiomn @an say
that the shape of the conical, parabolic and hygerishimney gives almost the same maximum avas|gloiwer
compared with cylindrical shape of the SCP.
We have obtained:

= The available power of the SCP increases with as&e of the absorber plate temperature differences.

= The main power available of the SPC hyperboli¢vie fimes greater than the cylindrical SCP.



Nomenclature

Symbol Nomunité € rate of dissipationy’/s’
A arean” B thermal expansion coefficient (1/K)
k kinetic energy of turbulencef/s’ 5 kronicer symbol
T temperatureK
u velocity m/s Exposant, Indices
u mean velocityn/s out output
P powerv max maximal
g gravitym/s m mean
z chimney heighm
m mass ratég/s Acronym
C,  power coefficient cyl cylindric
p pressur@a con conic
R correlation coefficient par parbolic
hyp hyperbolic
Greek letters EXP experimental
a absorptivity CFD computational fluid dynamics
p Refletvity RIAM  research institute for applied mechanics
T transmittivity
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