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Abstract

Divergent tower solar chimney power plant is amaattve upgrading of the solar chimney
system. However, boundary layer separation (BLS@gnpmenon can appear when the
divergence angle exceeds a specific value, indusystem performance degradation. The
present paper proposes a novel solar chimney taaecept, named annular tower solar
chimney power plant (ATSCPP), to deal with BLS pdraenon and improve the divergent
tower system. Accordingly, the influence of exteriower radius (ETR) and interior tower
radius (ITR) were evaluated, using the Spanishopype. Simulations were carried out using
a 3D model. The results indicate that flow behgvamwer output and thermal efficiency
shows a strong sensitivity to the change of botREMNd ITR. The best case is obtained when
(ETR=17m, ITR=13m). The new solar chimney toweraapt allowed a significant increase
in the driving potential. The total improvementgawer output reaches 32%. An improved
concept which allows a compromise between induaest end performance gain of the

system is also proposed.
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| ntroduction

During several decades, the world has continuecklyp on fossil energy resources,
namely oil, gas, and cheaper resources such as €Coakequently, air pollution and the
acceleration of climate change become a seriouslgaro The need for other solutions for

energy supply is crucial to avoid global environta¢catastrophes.

The rapid growth in energy systems andvite role that alternative energies play in
the energy mix encourage the transition to altéraatources. The focus on renewable energy
continues to increase for reasons, especiallye@lad environmental concern. As a result, in
china only, renewables influence energy-relatedssimmns falling by 20% as a result of
decreasing coal use in power generation [1]. Alteves offer more benefits than fossil fuel-
based generation systems and could satisfy gloleatg security thanks to the acceleration in
the development of these technologies. Consequentthe five recent years, the renewable
cost is considerably coming down. If it continuesdecline, building a wind plant will cost-
competitive as fuel cost of a conventional plait [A the past few decades and as a result of
the transition to renewables, the contributionasfsil energy is reduced in favor of renewable
penetration in the energy mix. The renewables doubd contribution to electricity
generation, i.e., from 18% in 2005, renewables sulbply 27% of global energy demand by

2020 and 50% by 2050 [2].

However, there is a wide range of concerhswe intend to generalize the
implementation of the renewables, including the bfgms of storage and setting the
infrastructures, especially in third-world counstidlthough many regions of the third world
have abundant low or zero-carbon sources (solarg,vand hydro), the unequal distribution
of resources, high technology costs, and intermateremain problems for renewables

integration. In these areas, the SCPP, an intageatd simple system of using solar energy



in clean power generation, allows taking the advges$ of low-cost effectiveness and zero-

carbon-emissions.

Research on SCPP began several decadeshagirst large scale prototype of SCPP
was built in Spain. Since then, many studies haeeided on optimizing the performance of
this type of sustainable generation energy systawugh numerical, theoretical, and other
experimental works. Several methods and theories haen proposed to study the SCPP
performances, some focusing on collector and toeteers on the turbo-generator system [3-

5].

A series of recent studies such as thatdwcted by [6-18] has focused on the
performances of SCPP collector. In an investigaitndo optimization of the design of SCPP,
Belkhode et al. [8] found from experiments that fRkain glass as a collector material
performs better energy rays transmission than tbeylit sheet, Polycarbonate sheet, and
Crystalline sheets. Hussain et al. [9] proposedylrith system that integrated the solar
chimney with an external heat source through tlsallation of flue-gas channels in the
collector to supply the system with air. As a redille mass flow rate and collector efficiency
enhanced by 12.0%, and 64.0%, respectively. Iniesudarried out by [10, 11], It is
demonstrated that a thermal energy storage systesrbeneficial since it enhanced the SCPP
operating period. Preliminary work on a new SCPBtew structure with a perforated
absorber layer in the middle between both of ctdlecoof and the traditional absorber was
undertaken by Li et al. [14]. Li et al. [14] denstwrated that dividing the airflow into two
channels led to increase heat transfer surfacepanidrm better heat transfer due to its
porosity characteristics and allow more stable payemeration. Kebabsa et al. [17] reported
a new and more convenient design of a partialsiedi SCPP collector. It is found that
airflow was enhanced significantly. It is shown ttithe optimal configuration (a sloping

distance of 0.8 and slope of 9.1) generated higliailable power by 16.36% than that of a
3



conventional system. Li et al. [18] evaluated tkeefgrmance of a solar chimney power plant
(SCPP) by using a comprehensive theoretical mddhere was a limitation on the maximum
collector radius exists for the maximum attainaptever of the SCPP; whereas, no such

limitation exists for chimney height in terms ofntemporary construction technology.

There have also been numerous studiesvesiigate turbine design in the SCPP [19-
26]. The estimation of the optimized design of wtndbine blades for a solar updraft tower
was first carried out by Balijepalli et al. [19]eBults showed that when air velocity is higher
(10 m/s), the power output could reach 0.06W fotinolzed values of blade pitch angle,
relative wind angle, and lift force equal to 18.26,4°, 0.0052 N respectively. One study by
von Backstrom et al. [20] examined a typical layofi& solar chimney power plant that has a
single axial turbine with radial inflow through etlguide vanes at the base of the chimney.
Results found that turbine efficiency dependedhenttirbine blade row and turbine diffuser
loss coefficients. A recent study by Fluri et &l1] involved a comparison between the single
rotor and counter-rotating turbine layouts usinglgiical and optimization methods to find
the best design parameters. Results found thatduting a limit to the degree of reaction of
the turbine to avoid diffusion at the hub had ansdigant impact on the performance
prediction. The study carried out by Fluri et &2] Compared between the single vertical
axis, the multiple vertical axes, and the multiplerizontal axis turbine configurations.
Results showed that the single vertical axis twhias more advantageous with regards to
efficiency. Another study carried by Denantes et[2B] compared between two counter-
rotating turbines, with or without inlet guide vani® a single-runner system. It is shown that
the counter-rotating turbines without guide vaneseamore advantageous. It has been argued

that the turbine pressure drop factor was in thgeaf 0.8—-0.9 [24-26].

Seminal contributions have been madetigysng the performance of SC tower. Zhou

et al. [27] investigated the maximum tower heiglhdveing positive buoyancy at the tower
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outlet using a theoretical model. Sensitivity as@ywas also performed to investigate the
effect of various geometrical and atmospheric ciomaé on maximum tower height. The
results showed that the optimal height of 615 nidgieé a power output of 102.2 kW. A small
scale study by Shirvan et al. [28] was carried toubbtain the potential maximum power
output of the SCPP prototype. It is found thatgbeer output enhances with increasing both
the chimney diameter and height. Studies suchatsctinducted by [29-31] have shown that
full or partial diverging tower is more beneficitdlan the conventional tower. In another
major study, Koonsrisuk et al. [31] found that theergent-top tower increased SC's power

output.

However, one of the problems met with diveggsC is boundary layer separation and the
generation of backflows, especially when the tosvdivergence angle exceeds an optimum
value for which the driving potential reaches itaximum [31,32]. Several studies [33,34]
have found that the eddies generation is respan$ibloutput degradation. In an interesting
recent study, the maximum power of 231.7 kW washed for an optimal divergence angle,
which is 11.9 times as high as that for conventichanney [34]. More characteristics on the
different SCPP tower geometries and the optimafigoration were recapitulated in Table 1.
Tablel

Optimum configuration of different diverging SCRRver.

Article Tower height controlling parameter Optimum case
(m)
Xu et al. (2018) 194.6 Divergence angle=0-3-6.08b6/.56-9.08- Divergence angle=6.04°
12.10
Hu et al. (2017) 95 Area ratio=1-2-4-6-8-10-12-14 Area ratio=6
Okada et al. (2015) 0.4 Divergence angle=4 -
Patel et al. (2014) 10 Divergence angle=0-1-2-3 veljence angle=2°
Koonsrisuk et al. 100 Area ratio=0.25-0.5-0.75-4-3-16-32 Area ratio=16



(2013)

Ming et al. (2011) 800 Area ratio= 0.5-0.75-1-125 Area ratio=1.5

Only a few studies have shown the effedhefdiverging tower on SCPP performance.
Moreover, there is no previous research treatimgptoblem of boundary layer separation
when the diverging angle exceeds the optimum, agioreed earlier. Also, as far as we know,
no previous study has investigated the airflowgrattharacteristics when the turbine is taken
into consideration, which misled the comprehensibthe real effect of the diverging tower
on SCPP performance and induced imprecise reSdtae questions regarding the diverging
tower effects remain to be addressed. Taking adgenof diverging tower concept and
aiming its improvement, by dealing with boundarydaseparation, the present study consists
of an investigation of an annular tower as a nemcept that would overcome eddies creation
in the conventional system. This concept aims tbaane farther diverging tower SCPP

performance. Besides, simulations taking into atersition the turbine are conducted.

2. Methodology

Different simulations are carried out @siANSYS FLUENT 16.0. In the following
section, a detailed description of the methods tedband geometric configurations examined

IS presented.
2.1. Geometrical configurations

The base case adopted in the present study is ghaish prototype presented by
Schlaich et al. [35] and Haaf et al. [36, 37]. T¢mometric dimensions of this plant are
appropriate to show how the annular tower SC camore the performance of this type of
renewable energy generation technology. Hencesiallulation cases take the Spanish

prototype [35] as a reference. The main geometiiarpeters are presented in Table 2.



Table?2

Principal geometric parameters of the Spanish prp&

Geometric parameter

Dimension (m)

Collector radius (B
Collector inlet height (k)
Collector outlet height (K)
Tower height (B

Tower radius (B

Wind turbine height (k)

122m
1.85m
1.85m
194.6m
5.08m
9m

The solution domain was modeled with ac@irulation. The computational geometry

has two symmetry surfaces. So, instead of simgdhe full 3D geometry, one quarter (¥4) of

the system is sufficient to reduce the computati@frt. The schematic diagram of the

geometry is shown in Fig. 1.

H.=1.85

H=194.6m

'3

L-R=5.08m

4

/S~
~o R.§
lHL.,,=I.85Ih\‘\12\2

Fig.1. 3D geometry of the Spanish SC.



In the cylindrical chimney, the velocity at the teminlet is equal to that at the tower outlet,
and thus the static pressure recovery is equal ito@ever, for DTSCPP, the inlet velocity is
larger than the outlet velocity as simultaneouddyamed from the continuity equation (Eq.
(6)) and shown in Fig. 7, thus causing positivéiciaressure recovery. The driving potential
is, therefore, increased. It is concluded thatde=sthe same function of producing buoyancy
as in a conventional chimney, the divergent towtrcévely converts some of the dynamic
pressure to static pressure. This leads to varial#é velocity determined by the surface of
the tower outlet. For large enough divergence angtilies generation occur, and the
effective flow area of the up current is reducekisTwill lead to a decrease in static pressure
recovery. In many research works [33,34], it isfouhat eddies generation is responsible for
output degradation of the DTSCPP when the divergeamgle exceeds an optimum value.
However, the ATSCPP allows decreasing the sizehef recirculation zone keeping the
surface of the outlet more important. The ATSCPP baneficiate from pressure recovery

due to diffuser tower shape in which flow stall io'¢ occur.

The present study is based on the hypothesis tli¢® dissipate part of the kinetic energy.
As a result, pressure recovery is reduced [34]o8sfble solution to deal with this problem
and recover the amount of kinetic energy dissipasedsing an ATSCPP instead of the
cylindrical tower (CTSCPP) or DTSCPP to elimingte apparition of eddies in the system.
This consists of a power plant with an adapted Emniower in which the annular space

guides the fluid flow. The schematic of the ATSABPBhown in Fig. 2
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" Fig. 2. Schematic of the ATSCPP.
The exterior and the interior tower walls were imetl to maximize energy generation.
Therefore, Equation (2) representing the drivingepbal is rewritten as a function of the
ETR and the ITR in Equation (4) to show how thesengetric parameters can affect system
performance.

The difference in the static pressure betweend¥vert and the environment is given by [35]:

AP=P -P 1)
AP =P, —[Fi + pgH +%(ptvt2 - piviz)} 2)
The static pressure at the tower outlet is given by

R =R -poH 3)

Substituting Equation (3) into Equation (2) andting the ratio of the velocity of the tower

top over the inlet. Thus the expression of drivyaagential can be expressed by:



o 1. ( R Y
AP_(:OO p)gH+2p\4 [1 [ETRz_lTsz] (4)

And based on the Boussinesq approximation:

_ _ 1. ( R Y
AP = pB(T, T)gH+2pv[1 (—ETRz_lTRZH (5)

Where

2 2
,oﬁ’(Tref —T)gH is the buoyancy force, an%pvi{l—(ﬁj } is the recovered

pressure.

Equation (4) shows that the recovery doediffuse like tower would reach the
maximum with an optimal ETR and ITR values. Soaanular tower could be proposed as a
solution to deal with this problem. A numericaldy was carried out to show if this concept

can bring a benefit to the system.

The ETR and ITR of the system are variedttnly the effect of using an annular tower.
The radius at the tower base was kept constantihendther system dimensions were taken
the same as the reference prototype case. Sixgowafions were studied numerically and
were analyzed below. Configurations are presenmtetiable 3. For every configuration, the
ETR was kept fixed where the ITR was varied urhid airea at the top of the tower became
smaller and negatively affected the proposed cdn&mulations were performed in two
cases, i.e., without load and with load using aitw pressure drop selected from the data of

the Spanish prototype, which belongs to 22-09-18882.00h.
Table3

Configurations of the ATSCPPs.

Configuration Tower Tower inlet ETR (m) ITR (m)
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height radius R(m)

1 1946 5.08 5.08 *p-3-4

2 1946 5.08 9 0-3-5-7

3 1946 5.08 13 0-3-5-7-9-11

4 1946 5.08 17 0-3-5-7-9-11-13-15

5 1946 5.08 21 0-3-5-7-9-11-13-15-17-19

6 1946 5.08 23 0-3-5-7-9-11-13-15-17-19-21

a

is also the base case
2.2. Numerical methods

The RANS-based two-equation k-w sst mdédel been used by many investigators to
determine flow characteristics near the walls aodndary layer separation. For large ETRS,
separating and secondary flows may take place inS8Cthe sst turbulence model is selected

for this study. For more details on the model,rérsder can consult the reference [38].

The governing equations that describe the steamtypnmpressible, and turbulent fluid flow

inside the ATSCPP are given by:

Continuity equation:

N [qp\r/) =0 (6)
Momentum equation:
00{pW) = -0p+0 [ﬁy[(mhm{ﬂ)—gm i D—pﬁ(T “T.)9

(7)

Energy equation:

11



O (pE+p))=0 [éﬁdfm " +H(D&+ o) 5 | E@}S” ®

The transport equations for tkew sst model are as follows [38]:

Turbulence kinetic energy transport equation:

o(ovik) _ . . ) ok
% =G ﬁpak"'al:(lu"'ak:ut)&:l ©)

J J J

Specific dissipation rate transport equation:

pI,, 0K 0w
w axj axj

9% (10)

)y . o0
==G ,Bpa)z+ax_{(/v1+aw t)ax

0 V, J

:l + 2(1_ Fl)

]
In which the turbulent eddy viscosity is computsaht:

__ pak
max @,w.QF,) (11)

Hy

Where

The model constants,,, o,,, g, ando,, are 0.85, 1, 0.5, 0.856, respectively (ANSYS,

2016). And B, =1, 3, =0.09, k =0.41, a,=0.31.

A 3D geometry is created and meshed watrwectured grid to deal effectively with the
flow in the computational system using Gridgen peise 17.0. A study is carried out to get a
suitable mesh that compromises between accuracg@ng@utation time. A structured mesh
was created, and four mesh sizes are considerguiote that the simulation results are
independent of the mesh size. Grid sizes foundeperted in Fig. 3. The selected 3D grid

undergoes refinement near the exterior and intéoher surfaces since these regions play an

12



essential role in boundary layer investigation. Témarsest grid consists of 72 000
guadrilateral elements. Fig. 3 gives the resultseoisitivity to the grid size. The relative static

pressure was selected as the criterion of choice.

The results show that the optimal gridesigz 552 000 elements (Grid 3) since the
maximum difference between (Grid 3) and (Grid 4swaund to deviate by 0.1%. Thus,

results from the third mesh can be consideredigddpendent.

0 =

©
o i
O -50
S
)
)
o
Q Grid number=72000 ]
%100 - —-—-- Grid number=237000
7 — — — Grid number=552000
0>> Grid number=1,29 million |
fﬁ
@150
Y

200 4

I I I I I ! I | I
20 40 60 80 100 120 140 160 180
r(m)

Fig. 3. Mesh independence study.

The selected grid is described in Fig. 4.
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(@) (b)
Fig. 4. (a) Optimal mesh, (b) Part of the Optimalsim

The air properties have been taken insdree conditions of Spanish setup work. The
temperature at the inlet was assumed constantcual ® 296 K. Static pressure at the inlet
was taken equal to 93900 Pa. The heat flux at tloeingl was calculated, taking into
consideration the collector efficiency. No-slip ddrons are used for all solid walls. Two
symmetry surfaces were used for the 3D model. Tumdhary conditions are shown in Fig. 5

and recapitulated in Table 4.
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Fig. 5. Main boundary conditions.
Table4

Boundary conditions.

Place Type Description
Collector surface Wall Adiabatic
Collector inlet Pressure p =93900 Pa

inlet
Collector outlet Pressure p=93900 Pa

outlet
Ground Wall Heat flux

0 = Qx, =245 Wi/nf?

Tower surface Wall Adiabatic
Collector-to-tower Wall Adiabatic

transition section

15



Turbine Fan Apwrb= Constant value

Apurb= 82.9% Pa only for
validation

2 The data corresponds to midday of September the@B2 (Haaf, 1984), where global
radiation was 844W/frand collector efficiency was 0.29.

For the steady turbulent flow simulatitme ANSYS Fluent pressure-based solver was
used. The SIMPLE algorithm is used for pressuresigf coupling. The SIMPLE algorithm
is a widely used numerical procedure to solve treviéf-Stokes equations for steady
problems [3,11,13,28]. To compute the gradient given variable, the Least Squares Cell-
Based is selected. For the computation of diffexamtables, Second-Order Upwind Scheme
is chosen. Using the turbulence model, the solasrtb solve equations for turbulence, and
then the convergence of the equation set is checkieid scheme is continued until the
convergence criteria are fulfilled. A criterion odnvergence for energy equation is set equal
to 1 x 10° and 1 x 16 for other equations.

For more credibility, the model is firstlidated. The experimental data considered for
validation represent different working hours on 28dptember 1982, (i.e., 10:00, 12:00,
14:00, 16:00) [35]. The updraft velocity, power puit from the simulations are compared
against the experimental data. Fig. 6 comparespleaft velocity and power output obtained
from the simulation with experiment results. Aswhan Table 5, the numerical results and
experimental data of 2nd September 1982 compare qeell to each other with a small
difference that can be noted. The maximum diffeeewas roughly 13.87% in predicting the
velocity and 12.67% in predicting the power outplihis difference can be considered

acceptable. Thus, numerical results would show pvetiction in the flow dynamics.

16



—{— Experimental updraft velocity (m s™")

—O— Numerical updraft velocity (m s™)
Experimental power output (kW)

15 —/— Numerical power output (kW)

Outcome experimental against numerical
S
|

3 T T T T
10 11 12 13 14 15 16
Time (h)
Fig 6. Updraft velocity and power output experina@gainst numerical results.

Table5

Comparison of numerical results with experimentdues.

Time radiation Updraft Updraft Deviation Power Power Deviation

(h) intensity velocity velocity (%) output output (%)
(Experimental) (Calculated) (Experimental) (Calculated)

10h 746.15 6.98 6.82 2.29 26.28 24.76 5.78

12h 843.50 8.91 8.44 5.27 35.04 33.51 4.37

14h 741.80 6.98 6.97 0.14 26.28 26.20 0.30

16h 447.08 5.91 6.73 13.87 17.52 15.30 12.67

3. Results and discussion

This study investigates an annular towancept that would overcome the boundary
layer separation appearance in the divergent SthgUke Spanish SC model, the influence

of ETR and ITR on the SC performance were analyZléds, the geometry of the proposed

17



model that maximizes power generation must be ksit@ol. The simulations were carried

out, considering two situations. The first doesmibrporate the load (turbine). In a second
step, the turbine is integrated into the systenoroher to evaluate with more precision the
added value of the new concept. The turbine igddeas a disc using the fan model in Ansys
Fluent. In the third part of this section, an ameted version of this new concept is proposed

and examined.
3.1 Investigation of annular tower concept without load consideration

In this case, the load is not taken intmsideration, and only flow pattern is
investigated to examine the effect of the towerngetoy on the flow. Fig. 7 shows the
velocity streamlines within the tower of DTSCPP didfiferent values of ETR. When the ETR
is less than 13m, the airflow in one direction nakito the outlet surface, and the maximum
velocity change shows a strong sensitivity to thange of ETR. When the ETR exceeds a
specific value, the flow direction changes dranadlyc and the reversal flow takes place.
Once reversal flow is formed at the tower outletyeasing ETR will enlarge the recirculation
region. The backflow appearance leads to a decreaiee velocity. The phenomenon of
boundary layer separation which manifests by semgndiows is responsible for the
degradation of the driving potential. These obd#sma confirm other researches results

[33,34].

18
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Fig. 7. Streamlines of DTSCPPs (ITR=0m) for diffdarETR values

(@) 5.08, (b) 9, (c) 13, (d) 17, (e) 21 and (f) 23
Adding a second tower wall to form the dantower beneficiates from guiding the flow
through the tower and minimizing the inverse efi@cDTSCPP. In the case of higher ETRs,
the ITR reduces the backflow intensity and enhatice$low acceleration as it moves in the

annular space. This is shown in Fig. 8, which shawtocity path lines of ATSCPP

(configuration ETR=21m) for different ITRs. Largdely formed and observed at the tower

outlet is reduced with the increase of ITR and INnaisappears. The decrease in the

recirculation zone would result in kinetic energguperation.
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Fig. 8. Velocity pathlines of annular SCPP (confagion ETR=21m) for different ITR :
(@) 3m, (b) 7m, (c) 9m (d) 11m, (e) 13m and (f) 17m

Fig. 9 gives more details on #ifects of the annular tower on the flow. Fig. 9
shows the velocity vectors at the tower outlet ddferent values of ITR and same ETR
(ETR=21m). Increasing the ITR decreases the baekflorface by approximately 40.00 %

and increases the maximum velocity by 32.31 % (ITRm).
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Fig. 9. Velocity vectors of annular SCPP (configima ETR=21m) for different ITR :
(@) 3m, (b) 7m, (c) 9m and (d) 11m, (e) 13m and.Tin.

When the boundary layer separation phemom®ccurs in the DTSCPP, the backflow
will affect the temperature distribution negativedy the outlet, as shown in Fig. 10. The

temperature rise increase with ETR increase. Howdhe average temperature decreases
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from 309.2 K for an ETR of 5.08 m (base case) t6.2%K for an ETR of 23 m. As a result,

the buoyancy potentiabf(B(Tref —T) gH ) would decrease.

However, when using the ATSCPP, the tempezadistribution at the outlet is more
uniform (Fig.11), and the maximum temperature déifee is about one degree for almost all
cases. This value is less than that of the basearad higher compared with DTSCPP case. In
the conventional SCPP, the driving potential isado buoyancy force only. In the DTSCPP,
the potential recovery due to diffuser like a chayris added to the system driving potential.
However, in the ATSCPP, the system performs betteential recovery and higher buoyancy

potential compared to the DTSCPP and the convealtaystem.
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Fig.10. Temperature profile at the tower outlettfeer DTSCPP.
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Fig.11. Temperature profile at the tower outlettfexr ATSCPP.

The equation (4) shows that the drivingeptitdl is related to ITR and ETR values in
such way that for an adequate ETR and ITR values,buoyancy force and the pressure
recovery would reach a maximum value as showngn E2. Fig. 12 shows how the ATSCPP
alters the driving potential and as a result, affabe flow pattern inside the SC system.
Compared with the base case (ITR=0m, ETR=5.08 hytlaer configurations show higher
static pressure. With a fixed ETR, when ITR vartbs, recovered potential increases to reach
a maximum value and then decreases owing to @uttédce obstruction and energy losses. In
the DTSCPP, the backflow appearance near the touttst induces an important quantity of
driving potential to lose, and thereby system penéince degradation. However, the inverse
effect is observed in the ATSCPP. In the ATSCPP® jrterease in ITR for a fixed ETR affects

the flow structure by decreasing the recirculazone, resulting in recovering more pressure
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than the two other cases (DTSCPP, CSCPP). Theasscie BLS makes the airflow free to
move upward easily, in other words, velocity insesa gradually with BLS decrease. The
augmentation of velocity is not observed in theesaa which the flow recirculation occurred
around the chimney exit. When both conditions at#llied, the disappearance of BLS, and
the maximization of the tower outlet surface, tlestbcase is obtained. Therefore, the best

case is registered for an ATSCPP with ETR=17m aR¥L3m (Fig.13, 14).
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Fig. 12. Pressure recovery due to diffuser likerctey in case of ATSCPP
(for different ETRs and ITRS).
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Fig. 13. Velocity vectors of annular SCPP (confggion ETR=17m, ITR=13).
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Fig. 14. Velocity pathlines of aﬁnuI;SCPP (counfagion ETR=17m, ITR=13)

Fig. 15 shows the maximum velocity magiétin the tower inlet and outlet for various

ETRs. For the base case (ETR=5.08 m, ITR=0), tlser® change in velocity values due to
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the absence of recovered potential. For the othses; the velocity at the outlet is less than its

value at the inlet.

Getting a small difference in velocity mégde at the tower inlet is not surprising

because the aim is to decrease the velocity dfotlier outlet and to increase the velocity at

. v differenb@% ~ AV
the tower inlet to enlarge the velocity difference

) in eg.13, and as a result
increasing the pressure recovery and the drivingmi@l. Compared to the base case, a
76.15 % variation in the velocity at the tower inkenoted and 41.64% variation is registered
at the outlet when the DTSCPP is used. 82.29% ti@mias noted at the inlet and 74.85%
variation at the outlet when the ATSCPP is usedddethe lost energy can be recovered

using the annular tower SCPP. The proposed solldams to convert the energy dissipated to

static pressure. The best case is obtained for ETRn, ITR=13 m).
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Fig. 15. Maximum velocity at the tower inlet andlet
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3.2 Investigation of annular tower concept with load consideration
a. Flow pattern variations

In this section, flow characteristics @tation to thermal efficiency and power output are
presented to confirm the results made earlier vdossidering the turbine. As seen in Fig. 16,
the base case (cylindrical SC) shows small staequre values. In the cylindrical SC, there
was no static pressure recovered from the dynamasspre, and thus only the buoyancy
governed the inflow in the system. The Fig.16 akows that diverging tower (for ETR <
17m) is more beneficial than the horizontal, bustill tangibly less beneficial. The favorable
flow behavior inside the DTSCPP can be explainethenfollowing way. In the divergent
SCPPs, the recovered static pressure took a mughbrl@roportion of the total driving
potential relative to the buoyancy. The degradatiothe system performance (for ETR >=
17m) was attributed to the boundary layer separancathe turbulent flow. This is a typical
phenomenon in the flow within the diffusers knows diffuser stall. The diffuser stall is
fundamentally a formation of small unsteady eddiegarated from the diffuser walls. The
stalls highly influence the recovery of static e®, and the optimal recovery efficiency
would be achieved when the first appreciable stpiears. Therefore using the appropriate
ETR can increase the recovered static pressurdisagly. It is important to notice that the
recovered pressure change inside the system doesfhiow a strong sensitivity to the change
of ETR in case of using DTSCPP, as it does to trenge of both ETR and ITR in case of
using ATSCPP. ATSCPP beneficiate flow charactesstits results are better. Using the
ATSCPP allows recovery of pressure in a large ptopo of the total driving potential
relative to buoyancy by decreasing the BLS. Thaabse in BLS makes the airflow free to
move upward quickly. Using the annular tower alldivs static pressure to improve 44.44 %

on the total.
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The kinetic energy is transformed intosstege at the base of the tower. The static

pressure is equivalent to the velocity. The morghésvelocity; the less is the static pressure.

The decrease in the static pressure for the antavaar is proof of its efficiency in decreasing

BLS. The velocity at the tower outlet for the opalmATSCPP configuration (ETR=17m,

ITR=13) significantly makes the power output higtlean that with either the diverging or the

horizontal tower which confirms that the designtloé solar tower is of great importance in

the conception of SC. The total improvement in ggyomagnitude equal to 32% (Fig. 17).
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Fig. 17. Velocity profile at the tower inlet.

b. System performance

Comparisons of power output and thermitiehcy from different cases with the base
case will give more indications about the improvaemeaue to annular tower. Fig. 18 and
Table 6 show power output compared to the base. ddigter power output could be
achieved in the divergent chimneys. The divergéimhoeys have an enhancement effect on
the performance of SCPPs. However, the power owtpdivergent chimneys first increases
until ETR=13m at which the peak power output isaoied. After that, the power output
declines with further increasing the ETR, which nfieycaused by analogous tendencies in
the driving potential and the velocity, which weatso observed in other simulations. A
similar tendency can be found in the power outguhe annular tower. It would seem that
there is an upper bound on ETR and ITR that carstb@o the power. Too high ETR would

eventually lead to BLS. As observed in the pressamé velocity plots, the ‘proper
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combination between ETR and ITR offers the mostiigant power. It was found that the
‘proper’ combination remains the same (ETR=17, ITBR=when considering the turbine
load. This finding confirms that the airflow struot and BLS phenomenon is exclusively

related to the solar tower geometry and not aftebgeturbine load.

Egs. (12) and (13) are used to calculate the tarpower output and collector efficiency,

respectively.

Turbine power output and system thermal efficienap be calculated using Eqgs. (12) and

(13) respectively [39,40]:

P = ntAptuerv (12)
-1
,]: (T1+AT) 1_ 1_ AI:¥urb “
AT P
(13)
Where

The turbine efficiency was set as 0.8 [40-42].
Table6

Power output for different ITR and ETR values.

Case Updraft Power Difference
velocity (m.§") output (kW) (%)

ETR=5,ITR=0 9.00 33.51 -
ETR=5, ITR=3 7.81 29.08 13.22
ETR=13, ITR=0 9.92 36.93 10.21
ETR=13, ITR=7 11.46 42.66 27.31
ETR=17, ITR=13 11.88 44,23 32.00
ETR=21, ITR=17 10.80 40.21 20.00

s also the reference case
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Temperature profile through the collector is showfkig. 19 to better understand the effect of
the annular tower on the thermal efficiency of tB€. It should be noticed that the
temperature risefT, in the divergent-SC and ATSCPP systems is alMesssthan that in the
cylindrical SCPP. Besides, Fig. 19 shows a contrargnd relative to the
velocity: AT decreased from 20.31 K (base case) to a minimuh6®8 K (at ETR=17m,
ITR=13). The energy balance could explain this ltesiLthe ground boundary where the fixed
solar insolation resulted in a decreasdTdue to the system's growth of velocity. The slight
temperature rise indicates higher thermal efficgeras shown in Fig. 20 and Table 7. If we
note that the modification in the SCPP system i=lguphysical, the total improvement can

be considered promising in energy production whik type of system.
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Fig. 19. Temperature profile through the collector.
The values of temperature rise are consistent tvéhefficiency presented in Fig. 20. Thermal
efficiency depends on temperature rise, as se@&myi(l3). A lower temperature rise should
give higher efficiency. The maximum deviation betwehe obtained optimum case and the
benchmark case exceeds 20%.

Table7

SCPP system thermal efficiency.

Case AT T (%) Difference (%)
ETR=5, ITR=G 20.31 0.39 -

ETR=5, ITR=3 22.97 0.35 11.43
ETR=13,ITR=0 18.94 0.42 07.69
ETR=13, ITR=7 17.13 0.46 17.95
ETR=17, ITR=13 16.98 0.47 20.51
ETR=21, ITR=17 18.22 0.44 12.82

js also the reference case
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3.3 Investigation of an improved annular tower concept

In this section, a controlling methodloé airflow characteristics inside the SC tower is
introduced. Since the annular tower provides a i approach for energy supply, but
adding a second tower wall leads to increase aart&in costs. Then, a compromise between
power generation and induced costs expressed alyttoter surface is needed. The idea is to
propose an interior tower wall with an adequatelieio be applied in the region in which,
the eddies appear, to control the outflow passiaslyshown in Fig. 21. Taking the optimal
case (ETR=17, ITR=13 m) as the reference, the powgut of SC varied from 44.23 kW to
41.55 kW when the height of the interior tower walfreduced from 185 m to 4.9 m (Table
8). The maximum difference in power output betweemtrolled tower outflow and the
annular tower is only 6% compared to the significd&crease in the cost expressed by the

total surface of tower walls (40%) (Fig.22).
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Table8
Power output of the case (ETR=17, ITR=13 m) fofedént interior tower wall height (m).
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Interior Updraft Power (kW) Difference  Total surface Difference

tower wall velocity (%) of tower (%)
height of the (m/s) walls (nf)

optimal case

(m)

4.6 11.16 41.55 6.06 10734.48 40.00
9.6 11.22 41.77 5.56 10831.29 39.03
39.6 11.30 42.07 4.88 11873.50 33.16
69.6 11.34 42.22 4.54 13062.96 26.47
99.6 11.40 42.44 4.04 14273.52 19.66
129.6 11.49 42.78 3.28 15490.81 12.81
159.6 11.66 43.41 1.85 16711.05 5.94
179.6 11.76 43.78 1.02 17525.47 1.35
185.6' 11.88 44.23 - 17766.04

2Taken as the reference case.

Conclusion

The present study consists of an investigationrwa solar chimney tower concept that
would overcome eddies creation in the conventigyatem. Based on the obtained results,

the following conclusions can be drawn:

Higher tower diverging angles are responsible flwlies generation and static pressure

reduction, and thereby SC performance degradation.

- Flow behavior, power output, and thermal efficierstyw a strong sensitivity to the

change of both ETR and ITR. The best case is adddaivhen (ETR=17m, ITR=13m).

- The new SCPP concept proposed, namely ATSCPP, edl@asignificant increase in

the driving potential. The total improvement iny®y output equal to 32%.

- The outflow control approach is more effective. Tipeoposed method can
significantly reduce tower costs. Total tower scefas reduced by 40%, whereas the

power is reduced by only 6.06%.
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Nomenclature

amb ambient

E total energy (J)
F,F, blending functions
G

generation of turbulence kinetic energy (147

g gravity constant (mf}

H chimney height (m)

Hei Collector inlet height (m)

Heo Collector outlet height (m)

Hlur Wind turbine height (m)

h Wind turbine height (&)

I unit tensor

j diffusion flux of species |

P pressure (Pa)

P; pressure inside the tower (Pa)

P pressure at the top of the tower (Pa)
Po pressure outside the tower (Pa)

Py pressure at the collector inlet (Pa)
Q, volume flow rate (mYs)

q solar radiation (W/r)

Qo heat flux (W/nf)

Rc Collector radius (m)

Ri tower inlet radius (m)

R Tower radius (m)

r coordinate in radial direction (m)
ref reference

S, Source term

T temperature (K)

T temperature at the collector inlet (K)
turb turbine

u air velocity in axial direction (m/s)
Uo initial air velocity in axial direction (m/s)
v air velocity in radial direction (my/s
X coordinate in axial direction (m)
Acronyms

ATSCPP annular tower solar chimney power plant

BLS boundary layer separation

CFD computational fluid dynamics

CTSCPP conventional tower solar chimney power plant
DTSCPP divergent tower solar chimney power plant

ETR exterior tower radius (m)
ITR interior tower radius (m)
NS Navier Stokes

PV photovoltaic
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RANS Reynolds Averaging Navier-Stokes
RSM response Surface Methodology

SC solar chimney

SCPP solar chimney power plant

SIMPLE Semi-Implicit Method for Pressure- Linked Equations
3D three-dimension

Greek symbols

B volume coefficient of expansion (1/K)
A difference

APturt pressure drop across the turbine (Pa)
AT temperature rise (K)

n thermal efficiency (%)

n, turbine efficiency (%)

k turbulent kinetic energy (J/kg)

K specific heat ratio

A effective heat conduction coefficient
H fluid dynamic viscosity (kg/m.s)

7 dynamic eddy viscosity (kg/ms)

V, kinematic eddy viscosity (ffs)

P air density (kg/r)

Q, mean rate-of-rotation tensor

w specific dissipation rate
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Highlights

* A novel solar chimney tower concept is proposed.

» The new concept enhances the system performance.

e Power output improvement reaches 32%.

» Outflow control method reduces tower costs by 40% for power reduction of only 6%.
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