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Abstract

The power chimney tower is one of modern promised energy which may be developed by
low losses, simple and has high facilities.

In this paper, many parameters were studied for prediction of system operation. Velocity
distribution is the important parameter which gives the first prediction to put the position of
erection of power turbine, made or not. The numerical analysis was presented by using
GAMBIT and FLUENT 6.3 to predict that high velocity at the expansion of chimney near the
solar collector place. This position is very suitable for promoting and building the power
turbine since the velocity range was between (33 - 54 nvs) for different solar flux 200W/m?,
400W/m?, 600W/m? and 800W/m?. So, the other factors, temperature and pressure were
studied to coincide with previous papers in this field.
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1- Introduction

Solar energy is an abundant renewable and clean source free of green house gases
emissions. Solar power plant is very important use of this energy. Solar chimney technology
is a promising large scale of power generation. This technology was first described by Giinter
in 1931 and tested with the 50 kw Manzanares prototype plant since 1980. There are three
components for the combination of this prototype: solar collector, turbine connected with
electrical generator.

The installation of solar chimney power plant at Nassiriya city (31.036°N, 46.21°E) is
suitable to get high energy generated as a result to high rate of solar flux incident as high as
flux in the world regions [1].

The incident solar flux on the inclined circular frame of glass layers passes through to
black ground at the floor. The air near the ground absorbs the heat to decrease its density. The
hot air particles move up to hit the glass ceiling continuously and go to chimney vent. This
series heating generates continuous movement of air, then, generates electrical energy by
installing turbine connected to electrical generator. The height of chimney causes high
pressure difference between the upper and lower points. This pushes increasingly the
movement of air particles between the lower points of chimney to up.

Main features of a solar chimney power plant area circular green house type collector and
atall chimney and its centre. Air flowing radial inwards under the collector roof heats up and
enters the chimney after passing through aturbo generator [2].

Backstrom and Fluri [2] developed two analyses for finding the optimal ratio of turbine
pressure drop to available pressure drop in a solar chimney power plant to be 2/3 for
maximum fluid power and using the power law model for this prediction. Haaf et al. [3] ,
Haaf [4] and Schlaich [5] described the operation and presented results for a prototype solar
chimney power plant built in Manzanares, Spain in 1982.

Pretorius and Kroger [6] evaluated the influence of a recently developed convective heat
transfer equation, more accurate turbine inlet loss coefficient, quality collector roof glass and
various types of soil on the performance of a large scale solar chimney power plant. This
simulation of study concluded that the new heat transfer equation reduce the annual plant
power output by 11.7%, but , the more realistic turbine inlet loss coefficient only accounts for
a 0.66°rise in annual power production , while utilizing better quality glass increases the
annual plant power output by 3.4%.
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Tingzhen et. al. [7] carried out numerical simulations on the solar chimney power plant
system which divided into three regions. the collector, the chimney and the turbine, and the
mathematical models of heat transfer and flow had been setup for these regions. Ming et. al.
[8] performed to analyze the characteristics of heat transfer and air flow in the solar chimney
power plant system with an energy storage layer. They used different mathematical models
for the collector, chimney and the energy storage and the effect of solar radiation on the heat
storage characteristic of the energy storage layer. Nizetic et. a. [9] analyzed the feasibility of
solar chimney power plants for small settlements and islands of countries in the
Mediterranean region; they used 550 m height of chimney with collector roof diameter of
1250 m to produce 2.8 — 6.2 MW of power.

Ninic and Nizetic [10] developed and use of the availability of warm, humid air via the
formation of up draft “gravitational vortex column” situated over turbine with numerical
solution for solar chimney power plant. Petela [11] used a simplified model of solar chimney
power plant which consists of a heating air collector, turbine and chimney to interpretate a
thermodynamic based on the derived energy and energy balances. Zhou et. a. [12] analyzed
the suitable chimney height of solar chimney power plant using a thermodynamic model
validated with the measurements of the only one prototype in Manzanares.

2- Numerical model

2-1 Physical model
In this study, some practical prototype from literature depended on as shown in Figure 1
is selected as a physical model for simulation. The chimney height is 100 m and radius 2.5 m,
the collector of 120 m radius and 2m height Figurel.

_>| |l5m

|

100 m
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|
< 120m ———>»]

Figure (1). Physical prototype.
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2-2 Mathematical model

There are many prototypes in the world have large different heights up to 500 m , with
different radii of chimney but with low heights for collector (up to 3m) with wide radii. The
model of 100m height of chimney and 2.5 m its radius and the collector of 60m radius and 2
m height are used. The storage layer of energy such as soil or graved coated by asphalt is the
solid matrix of this collector.

The buoyancy induced as natural convection is measured by Rayleigh number (Ra):
Ra= gB(Th-Te)L¥av
Where Ty, T¢ is the maximum and minimum temperature of the system respectively. The Ra
in this system analysis shows that Ra> 10"10, therefore the flow is turbulent. The continuity,
Navier — Stokes, energy equations and k-¢ equation are shown below[9]:
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The heat balance of the storage layer is Shown in Figure(2) with the related equations:

Q1+Q2+Q3+(tQ4 =0 (11)
Where.........
Q1=A1hy(T1 - T2) (12
Q=Az6 (T.*- T2 (13)
Qs = -A1 AndT/dx (14)
The hesat balance of the collector glass:
Qs+ Qs— Q2 +Q7 +aQs =0 (15)
Where :
Qs= Ahy(Ty-Ta) (16)
Qs = A2hs (Ty-Ta) (17)
Q=A26(Ty' —Ts) (18)
_<—Q—7 Chimney
Collector
Qs /QG
< \QS / /‘ % o / ) Air
+ o ' T Storage layer

Figure (2).Heat balance of the storage layer and the collector glass.

2-3 Boundary conditions
1. For chimney

aT _ _ _
a—X—O,u—O,v—O (19)
For outside and inside the storage layer
a
%:O,udzo,vdzo (20)
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For outlet conditions:
At x==x oo, T =Ty, P= Pamoghere

2. Symmetrical axisat chimney centre axis, i.€e:

Ux=+x) = U(x=-x) » V(x=4x) = V(x=—x),P(x=+x) — P(x=-x)

<ICTR L7  CTR

m“ ﬂy ﬂX ax:+ X) ﬂy ﬂX ax:- X)

3- Numerical analysis

May 2011

(21)

(22)

(23)

The turbulent flow of air inside the system would be analyzed by standard k- model, and

the energy storage layer can be described by using Brinkman- Forcheimer Extended Darcy
model. The SIMPLE algorithm with QUICK Scheme method used to solve the pressure —

velocity coupling and momentum and energy equations respectively. These methods were

explained by many references such as Ref.[13]. So, the Gambit and Fluent Codes are used to

describe the results of this paper Figure3 the study case of chimney system as designed by

GAMBIT).

e———— OQutlet vent

A

Solar Collector

-—

17,4 <+— Storage Layer

Chimney

Grid

F
FLUENT B.3 [3d, pbns, shw)

Figure(3) . Thedomain grid asdesigned by GAMBIT code on Feb. 8, 2011 .
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4- Results and discussion

The heat energy transferred from the solar rays by beam or diffused arrays to glass cover
of collector. Then, they transferred to the storage layer depending on high permeability and
transmittance, with low reflectance and absorbance of glass cover. In addition to high
absorbance low high reflection of storage layer with ability of high convective heat transfer
rate.

Many materials and mixtures arranged for storage layers depend on the enhancement of
heat transferred from this layer to air inside the collector of solar chimney. Low storage ratio
for a lot of materials lies at 600 W/m? of solar radiation as mentioned by many researchers
[13].

In this paper, four cases of solar radiation fluxes are studied for Al- Nassiriya city case
study which lies at 31.036 N, 46.21 E. The cases are 200, 400, 600, 800 W/m? of solar flux.

There are many reasons for the selection of turbine erection position inside the chimney
requires further discussion. The first factor is the difference in static pressure gradient as
shown in Figure ( 4 and 5).

At a 200 W/m? solar flux absorbed by storage layer and transferred as heat to neighbor air
inside collector by convective heat transfer shape. The figure arranged by Cartesian
coordinates X-Y-Z as shown. High differences in static pressure values(- 1.27x10" to
3.8x10™") are measured between the upper point of chimney as low pressure value to high
value at the base outer circumference of collector. This high difference is created because of
high height of chimney and the heat absorbed by air which accelerates the air velocity cause
high relative pressure. It is observed that there are high difference between the gradient of
chimney and collector. Therefore, this is one of reasons for turbine installation at this base.
Furthermore, from the other shapes of Figure(4 B, C, D), it is seen that the relative static
pressure changed significantly with increasing the solar radiation (from 400 W/m? to 800
W/m?) . That is because of increasing the air density inside the collector in comparison with
environment of station at the same altitude. This heat transferred with natural convection to
increase the pressure gradient which reach the levels between (-1.3 x 10° Pato 3.95 x 10™Pa),
(-1.83 x 10**Pato 5.72Pa) and (-1.67 x 10" Pato 6.68 x 10%®) for 400, 600 and 800 W/m’ of
solar radiation intensity.
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Figure(4). Pressure gradient at A. 200W/m? B. 400W/m?, C. 600W/m? and D. 800W/m?
of solar flux.
Figure(5) shows the static pressure distributions which is calculated from the central section
of whole domain as circumferential mean values which be sure the validity of this study and
prove the mentioned pressure values. The maximum values of pressure are for 800W/m? solar
flux, but the minimal values are for 200W/m’. So, the other values of solar flux lie between
the previous lines. The pressure gradient is approached to atmosphere at the inlet vent of the
system but it is increased while reach the top of chimney since high difference in relative
pressure due to the heat and height of chimney which work as vacuum pressure to increase the

air velocity.
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Figure(5). Static pressure of domain calculated for central section plane.

Figure(6) shows the temperature distribution inside the system of solar chimney. Figure
(5A) isan indication of heat absorbed or transferred to different trends of parts chose at 200
W/m? of solar radiation intensity. This shape of temperature range (534 K to 299 K) which is
at ambient temperature of 308 K.

FLUENT Code demonstrates wide ranges of measurements near the effective domain. The
dominated temperature of air inside the chimney is 319K as observed by limited range
contour which shown in Figure(6B). The Figure6C denotes to the high temperature recorded
at the end edge of circular collector at the base which is corresponded to solar storage layer. It
is notably high hot place than collector space because the heat coefficient at the end has low
value as a result to low velocity of convicted air. This air speed increases in the direction of

chimney centre.

The other shapes of Figure(6 D, E and F )denote to temperature difference at solar flux of
400, 600 and 800W/m? respectively. It is normally, there are gradually higher temperature
ranges than 200W/m? of solar flux mode. This heat forces the velocity magnitude in the

direction of chimney centre as aresult to natural convection.
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Figure(6). Static temperature at 200W/m? solar flux for A. the system, B. chimney and
C. collector section.

D

Figure (6). Static temperature at D. 400W/m?>.
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Figure( 6). Statictemperature at E.600W/m?, and 800W/m? solar flux.

Figure(7) shows the circumferential average static temperature values for 200W/m’ solar
flux radiation and the upper value of it (800W/m?). This indicated dramatically the previous
conclusion that the high flux has high temperature values reverse to lower flux which has low
temperature gradient. So, there are some points take different slop from the other points of the
curve as a result to turbulent flow of flowing air in this section and all other sections. The
maximum values of temperature trend from the free edges in the direction of chimney centre
since the continuous solar heating from the outer edge to inner collector parts. This is in
agreement with literature.

The velocity vectors of the system are shown in Figure(8) which indicates that high
velocity magnitude at concentration of solar radiation flux 200W/m? reaches 33ms at the
position of turbine at the lower part of chimney with no load state as shown in A. So, there is
a low velocity gradient at the outer end of collector of the base part of system. The velocity
notably increases when directed to the chimney centre due to the heat flux increase, narrow
area of collector disc and low pressure gradient. The velocity range increases directly with
increasing the heat flux of solar array as noted in Figure 8B, C and D. for solar flux 400, 600
and 800W/m? respectively.

The velocity ranges reach 39, 42, and 54nvs respectively. These ranges are suitable for
using big turbines at lower position of chimney or using multi-stage turbine to have high gain

energy.
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Figure (7). Circumferential average values of static temperaturefor lower and upper flux.
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Figure (8). Velocity distribution at A. 200W/m?, B. 400W/m?, C. 600W/m? and D.

800W/m? of solar flux.
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b

A B
Figure(9). A-Velocity contoursand B-Velocity vectors at the turbine position.

The velocity stream line of system is shown in Figure(9 A) which denotes high velocity
range at the bottom chimney part in the direction of centre. Also, Figure(9 B ) presents the
velocity vectors coloured by velocity magnitude which indicates the velocity gradient at the
space of system.

The velocity magnitude distribution on the system domain with its position in the centre
section for whole system is presented by Figure(10). It is denoted that high velocity values lie
at the chimney but low values at the end edges of collector since the reasons mentioned in this

paper before.
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Figure (10). Velocity magnitude points with position of section centre.
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The upper yellow curve of Figure(11l) denotes the velocity magnitudes in the axial
coordinate calculated as average values of the central section of domain. It is observed that
higher velocity values trend from the outer edge to the central part of domain (chimney) as
mentioned before. The other curves give the same conclusion, but there are some values for
collector edge put as higher than the inner because of turbulent flow with axial values at this
section which may be made lower at neighbor section.
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Figure(11). Circumferential average of velocity magnitude for different solar flux.

5- Conclusions

It is noted from the numerical solution and the analysis of chimney tower system for the
predicted case study for Nassiriya city, there are some conclusions presented about the
circumferential parameters such as:

1. The velocity of air is high at the base section of chimney but it is very low at the outer
edge of collector canopy and then converged in developing to the chimney centre.

2. The temperature of storage wall of solar heat flux is highest as a result to hest
absorption but it is low in the chimney due to air movement with heat transferred inside
the system.

3. The pressure gradient is approached to atmosphere at the inlet vent of the system but it
is increased while reach the top of chimney since high difference in relative pressure due
to the heat and height of chimney which work as vacuum pressure to increase the air
velocity.

4. Due to the high velocity recorded at the expansion of chimney, the turbine power is
preferred to built-in.
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7- Nomenclature

Symbol  Definition
A Thermal diffusivity ( m?/s).
Aq The area of storage layer surface( nv).
Az Glass area ( m?
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G
Ha

h,

hs
L

Q1
Q2
Qs
Qs
Qs

Qe
Qs
Ra
T1
T
T3
Ty

Gravitational body force (m/s%)

The heat transfer coefficient between the storage layer and the air inside the
collector( W/mPK).

Convection heat transfer coefficient between the surface of glass and air
(WImPK).

The convective heat transfer coefficient ( W/m?K)

Collector height ( m) .

The heat transfer between the storage layer and the air (W).

The radiation heat transfer between the storage and the collector glass (W).
The conduction heat transfer from the storage inside the porous media (W).
The solar heat flux transferred to the collector (W).

The convective heat transfer between the glass surface and the air inside the
collector (W).

The conduction heat transfer between the collector surface and the ambient (W).
The radiation heat transfer between the collector surface and the sky (W).
Rayleigh number

The storage layer temperature(K).

The air temperature inside the collector (K)

Glass collector temperature (K).

The ambient temperature (K)

Air temperature inside the collector(K)

Glass temperature (K).

Sky temperature (K).

Coefficient of Thermal expansion (1/K)

The heat conduction coefficient ( W/mK)

Dynamic viscosity (kg/m.s)

Kinematic viscosity (m?/s)

Density (kg/m®)

The transmissivity of the collector glassto the solar radiation.
Stefan-Boltzman constant( W/m’K?)
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