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Abstract

Solar chimney electric power generation is one of the concepts in renewable energy technology (RET) application. The power station
is based simply on the principle that warm air rises. Air underneath a glass ceiling is heated by solar radiation and rises through a chim-
ney. The warm air which has just risen is replaced by air from the edge of the glass ceiling which flows inward, and will then itself begin to
heat up. In this way the Sun’s heat radiation is converted into kinetic energy of constantly rising air to drive turbine built into the chim-
ney. The turbine then converts the wind power by means of a generator into electrical energy. We have considered the appropriateness of
a solar chimney to rural villages and highlight some features of such a power generating plant. The calculations carried out show that the
power that can be generated by a solar chimney of specific dimension exhibit a minimum threshold value of = = 2.9, the temperature ratio
of the difference between the collector surface temperature and the temperature at the turbine (75 7y) to the difference between the air
mass temperature under the roof and the collector surface temperature (7,—7). Our calculations show that for T = 2.9, an appreciable
electric power (=10° W) can be generated by a sturdy and physically viable solar chimney whose dimension has been determined to be
L =150m, H= R =1.5m. This the minimum dimension of a practical solar chimney electric power station would serve approximately

fifty (50) households in a typical rural setting.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

All forms of renewable energy such as biomass, wind,
photovoltaic or solar thermal are directly or indirectly
linked to energy from the sun (solar energy) Fig. 1.

Solar energy is a free and a potentially viable national
resource in Africa which, if harnessed appropriately could
be a vital factor in improving the quality of life especially
in the poor rural communities. In most cases, the technol-
ogy required to exploit these resources may not require
expensive high-technological installations or highly skilled
manpower to operate the installations. The technology is
therefore attractive for use in most of the African coun-
tries. Indeed, the possibility of creating small-scale, decen-
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tralized energy installations, which are maintained and
run by local people, constitutes the most important
aspect of renewable energy technology (RET); and ideally
ought to form a major component in the policy making
of the African Governments. Refs. [1-23] provide useful
background information on solar energy and its appli-
cation.

By and large RET can revitalize rural communities by
creating local industries and businesses where they are
implemented and most RET are environmentally friendly
because they produce minimum of waste products [24].
RET can reduce mass migration of population from rural
to urban areas in search of jobs in factories which can be
built with the presence of some RET. It is possible to
reduce the nation’s bill for imported primary energy
resource by using some forms of RET which may also be
used as a good strategy against deforestation.
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Nomenclature

w heat exchanged [J]

T temperature [K]

h heat exchange coefficient or heat transfer coeffi-

cient [W/m? K]

height above the collector [m]
collector area [m?]

thermal conductivity [W/m K]
e Reynolds number

Prandtl number

e

instantaneous power [W]

length [m]

mass [kg]

density [kg/m?]

radius [m]

velocity [m/s]

specific heat at constant pressure [J/kg K]
diffusivity [m?/s]

kinematic viscosity [m/s]
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=

If carefully planned and appropriately designed, renew-
able energy technologies can play a significant role in
energy requirements for the developing countries. In this
paper, we consider a typical solar chimney as one of the
renewable energy technology and highlight its appropriate-
ness to rural villages.

The ingenious yet simple design of the solar chimney
electric power generating plant was conceived by Jorg
Schlaich, professor at the Institute for Construction and
Design (Institut fiir Konstruktion und Entwurf) of the Uni-
versity of Stuttgart. A prototype in Manzanares, south of
Madrid, delivered power practically uninterrupted from
the middle of 1986 until the beginning of 1989 with a peak
output of 50 kW. Its collector had a diameter of 240 m
while the chimney had a diameter of 10 m and was 195 m
tall.

2. Solar chimney

A number of low temperature (<100 °C) solar thermal
systems such as solar stills, solar dryers and water heaters
have been designed and field-tested. Some of these
systems which are small-scale or domestic compared to
the industrial high temperature systems have been com-
mercialized whilst others are still at the prototype stage.
In Africa, high temperature (>150 °C) solar thermal sys-
tems which are suitable for industrial purposes because
they can produce enough energy to run small scale
industries.

A large open area with abundant sunshine can be cov-
ered with a high temperature heat absorbing selective mate-
rial under a large glass roof or a suitable transparent
material such as polythene. Hot air is produced by the
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Fig. 1. Relationship between renewable energy technologies (RET) to solar energy.
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Fig. 2. Solar chimney electric power generator.

sun under the roof when the material converts solar radia-
tion (direct and diffuse) into heat. Hot air under the roof is
which is heated by the radiation flows to a chimney con-
structed in the middle of the roof and is drawn upwards.
This upwind drives turbines installed at an appropriate
height H at the base of the chimney to produce electricity.
An illustration of a suitable solar chimney electric power
generating plant is shown in Fig. 2.

3. Theory

The heat energy transferred from the patched surface is
given by
W, =hA(Ts — Ty) (1)
where T and Ty are the temperatures at the surface cov-
ered by a selective material and at any position H in the

covered area 4 and 4 is the convective transfer coefficient
given by

h = h(Re, Pr,k,L).

In the case of a turbine [1]
h =0.036 %Pr%ReO'g ()

where k is the thermal conductivity of the air, L is the width
of the surface, Re and Pr are the Reynolds and Prandtl
numbers, respectively [25-30].

For a square collector of sides L, the area is given by
A= L? and Eq. (1) reduces to

Wi =hL*(T, — Ty) (3)

on the other hand heat transferred from the patched area
to air under the canopy is given by

Wy = mC,y(Tp — T) (4)
where T, is the temperature of mass of air inside the chim-

ney, and C, is the specific heat capacity at constant pres-
sure and m dot is the mass flow rate (kg/s) given by

= pauAP (5)

where p, is the ambient density of the air, u is the velocity
with which the mass flows.

The cross-sectional area of the opening around the
square patch of side L is given by

A, =4LH
so that Eq. (4) can be rewritten as
0, = 4pauCPLH(Tm - Ts)- (6)

For a circular chimney of radius R, the velocity V' at
which air impinges on the rotor blades of the air turbines
is given by

TR’V = 4LHu (7a)
resulting in

nR*V
“TaLH (75)
hence the heat transfer to the air under the chimney is
0, = p iR VC, (T — Ty). (8)
Combining Egs. (3) and (8), we obtain

_ mp,CRV (T — T
h= iE T. 1) 9)
Transposition of Eq. (9) gives
h* (T, —Ty

V = . 10

npanRz (Tm - TS) ( )

Substituting known values for the constants in Eq. (10),
we obtain the expression for the velocity V, at which the air
impinges on the rotor blades as

0.036\° /n L’k
V = N7 11
< i > (4) (oc%H“v%CZpiRz ‘ (1)
where
Ts - TH
_ 12
’ <Tm - Ts) ( )

v is the kinematic viscosity, o the thermal diffusivity of the
air and k the thermal conductivity of the air at a given
temperature.

If it is assumed that the area swept by the rotor is the
same as the cross-sectional area of the chimney, then using
Eq. (7a) the instantaneous electric power P; produced by a
single turbine is readily derived as

P = ;—s GpmnR2 V3> (13)
where p,, is the density of the air at temperature 7}, and the
factor of 18 is the ideal limit for the extraction of power
[31,32].

From Egs. (11) and (13), the instantaneous electric
power is

P =3.0x 103‘ﬁ<m)f‘5 (14)
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where at 300 K and one atmosphere

— _ —12
p= (W) =1.148 x 107°~.

Eq. (14) shows that the instantaneous electric power
depends mainly on the dimensions of the solar chimney
for a given temperature ratio, t. Thus the equation can
be treated as generic. However, except for the ambient den-
Sity pg, all other parameters in Eq. (15) vary with 7, hence f8
is a function of 7 hereafter expressed as f5(t). Substituting
known the constants [14,15] in Eq. (14) for dry air at one
atmospheric  pressure and ambient temperature
(T =300 K), the instantaneous power reduces to

(15)

15

P =448 x 107 x (ﬁ)r” (16)

Using known values of py, k, @, C,, v and p, [30] one can
show that f(t) does not change significantly from the value
obtained at 300 K and at one atmospheric pressure.

The upper and lower limits of f(t) can, however, be
determined through differentiation of Eq. (12).

For T, > Ty and T,, > T,, Eq. (12) can be written as

1 T\ !
TH)T—(I —T—s> )

Assuming that 7}, > T we can use binomial expansion
on i(l — 5)_1 in the product of Eq. (17) to obtain

Tm
T N T\*> [T\’
Tw  \Tm T
(L (Y +
T T '

1= (Ts— (17)

1
T= (TS—TH>T—

(18)

F.N. Onyango, R.M. Ochieng | Fuel 85 (2006) 2561-2566

Obviously the upper limit of 7 is determined by the limit
of the expanded Binomial term since the surface tempera-
ture is fixed by the characteristics of the collector and the
temperature at a height H is in turn fixed by the height.
Given fixed values of T and Ty the upper limit is obtained
by taking the maximum value of the Binomial series for
particular values of T, Expanding the bracket in Eq.
(18) we get

T, T2 T? Ty Tul, T’Ty
:T_m_T_2+T_3+..._T_m T2 _ T3 + . (19)

Differentiating Eq. (19) with respect to Ty, term by term

and ignoring terms in ﬁ above second order we get
dr TH Ts

—H_Zs 20

dr, 712 1% (20)

dd;m = 0 gives the minimum value of T when T, = Ty. This is
the equilibrium state when the surface temperature equals
the temperature at the turbine level. However, the maxi-
mum value of T approaches an asymptotic value as Ty, ap-
proaches T, that is when 7,7 approaches zero. The
physical meaning of this condition is that the temperature
of the air mass approaches the temperature of the solar col-
lector surface as heat is transferred from the collector sur-
face to the air mass as can be deduced from Eq. (12).
Assuming reasonable typical temperatures for the collector
surface, air mass and height as 7, =330K, Ty =313 K,
T, = 334.4 K, we find that T ~ 15.

Using the value of f(7) at 300 K and one atmosphere,
Eq. (15) is employed to obtain curves shown in Fig. 3 by
calculating and plotting the values of P; versus t for various
dimensions of the solar chimney. The curves clearly show
that there are specific threshold values of 7 beyond which

H=1.5m; R=1.5m
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Fig. 3. Curves showing simulated power output for solar chimneys of different lengths when H = R=1.5m.
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appreciable power (>10° W) can be generated by a solar
chimney. Furthermore, beyond these threshold values of
7, the power from the chimney increases exponentially.

4. Discussion

As in the case with the voltage—current (I-V) character-
istics for different diodes in the forward direction where a
threshold voltage V, exists beyond which the current rises
rapidly, the P;—t characteristics shown in Fig. 3 also show
that there is a threshold value of T above which appreciable
energy can be generated by a solar chimney.

The curves show that the minimum threshold value of ¢
beyond which appreciable power (10° W) can be generated
by a viable solar chimney power generating plant with a
square surface of L m is approximately 2.9. Thereafter
the power increases rapidly after each threshold value of
7 for each specified dimension of the chimney.

The dimensions of a reasonably sturdy solar chimney
power plant that would generate energy of the order of
10* W, for example, is L=150m, H=15m and R=
1.5 m. This specific dimension requires that t = 10.9. The
length L can be reduced to 50 m provided a value of 7=
32.9 is attained inside the chimney. This is, however far
beyond the highest attainable value of approximately 15. If
a value of t = 15 can be attained inside the chimney, a solar
chimney power plant of dimensions L =150 m, H=1.5m
and R = 1.5 m would generate approximately 4.47 x 10* W.

There are a number of reasons as to why a large area of
land must be used as a solar collector. These reasons
include the fact that the overall conversion efficiency from
solar energy to electricity is 2-3%. There is a temperature
drop with altitude of about 10 °C for a 1000 m chimney.
Large quantities of warm air have to be lifted from the
ground to chimney top which results in gravitational
energy loss. The air that leaves the chimney is above ambi-
ent temperature at that altitude also resulting in thermal
energy loss. As ambient air is drawn into the collector
and warmed, expands with little increase in pressure and
the majority of solar input is lost in the simple expansion
of air before it reaches the turbine [20-24].

5. Conclusion

Solar chimney power stations could make important
contributions to the energy supplies in Africa and Asia
because more than enough space and sunlight are available
in these continents. Although countries such as Sudan,
India and Ghana have shown real interest in the technol-
ogy, all construction plans in these third world countries
have not come into fruition due to exorbitant costs. It is
therefore inevitable to develop small power generating
plants for small-scale industries. The model developed in
this paper addresses this issue in detail.

It has been shown in this work that the plotted curves
(Fig. 3) for typical solar chimney power plants of various
dimensions are similar to the /-V characteristics of various

diodes. The curves show that there exist threshold values
of the temperature ratios, T at which significant power
(=>10* W) can be produced by a solar chimney of specific
dimensions. Above the threshold values, 7, the instanta-
neous electric power increases exponentially. It is thus rea-
sonable to say that to construct and implement a solar
chimney power plant to generate appreciable power of
practical significance, the temperature ratio t has to be
equal to or greater than 2.9. As the length L of the collector
surface is increased and the height H or radius R of the tur-
bine reduced, the power generated by the solar chimney
power plant increases as shown in Fig. 3. It is readily
deduced that even at 10% efficiency, a solar chimney power
plant with the dimensions L=150m, H=R=15m
would produce approximately 4.47 x 10> W which is suffi-
cient to run a small scale industry or serve approximately
fifty (50) households in a rural village. The dimensions
L =150 m, H= R = 1.5 m give the minimum specifications
such a solar chimney power plant that would produce
appreciable energy for the need stated above.
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