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Mathematical Correlations Developed for Solar
Chimney Power Plant — A Critical Review
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Absiract - A solar chimney power plant consists of a large
greenhouse-type collector surrounding a tall chimney. The air,
heated within the collector, passes through an inlet guide vane
(IGV) cascade and then through a transition section to a
turbine that powers a generator. The transition section
contains the turbine inlet guide vanes that support the whole
chimney and guides the flow entering the turbine. There is a
surge in the use of the solar chimney power plant in the recent
years which accomplishes the task of converting solar energy
into kinetic energy. The existing models are sufficient to
accurately describe the mechanism and evaluate the
performance of a solar chimney power plant system, in which
the effects of various parameters on the relative static
pressure, driving force, power output and efficiency. This
paper aims at the segregation of the different mathematical
models presented by the various researches, which are
developed to evaluate the performance of solar chimney
power plant, which will help the budding researcher to
develop their own model as well as to evaluate the
performance of solar chimney power plant.

Keywords . collector, turbine, chimney, mathematical
models, review.

I. [NTRODUCTION

HE widespread use of solar energy, as an alternate
Tand non depletable resource for agriculture and

industry as well as other applications, is
dependent on the development of solar systems which
possess the reliability, performance and economic
characteristics that compare favorably with the
conventional systems. The solar chimney power plant
system, which is composed of the solar collector, the
chimney and the turbine, has been investigated all over
the world since the German researcher Jorg Schliaich
first made the brainchild in the 1970s. The main
objective of the collector is collecting solar radiation to
heat up the air inside. As the air density inside the
System is less than that of the environment at the same
height, natural convection affected by buoyancy which
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acts as driving force comes into existence. Due to the

Existence of the chimney, the cumulative buoyancy
results in a large pressure difference between the
system and the environment, then the heated air rises
up into the chimney with great speed. If an axis-based
turbine is placed inside the chimney where there is a
large pressure drop, the potential and heat energy of the
air can be converted into kinetic energy and ultimately
into electric energy

[1. DESCRIPTION OF THE SYSTEM

A typical solar chimney power plant consists of
a solar hot air collector, a solar chimney and a turbine
with generator. All three essential elements have been
familiar from time immemorial. A solar chimney power
plant simply combines them in a new way [1,2,3], as is
shown in Fig. 1. Air is heated by solar radiation under a
low circular transparent cover open at the periphery; this
and the natural ground below it form a hot air collector.
In the middle of the cover is a vertical chimney with large
air inlets at its base. The joint between the cover and the
chimney base is airtight. As hot air is lighter than cold air
it rises up the chimney. Suction from the chimney then
draws in more hot air from the collector, and cold air
enters from the outer perimeter. Thus solar radiation
causes a constant up-draught in the chimney. The
energy that the hot air contains is converted into
mechanical energy by pressure staged wind turbines at
the base of the chimney, and into electrical energy
conventional generators.

The characteristics of this solar chimney power
plant are listed below.

e Efficient solar radiation use. The hot air collector
used in the system, can absorb both direct and
diffused radiation. Thus the solar chimney can
operate on both clear and overcast days. The other
major large-scale solar thermal power plants, which
are often driven by high temperature steam
generated from solar concentrators, can only use
direct radiation.

e Free dual functions, natural energy storage and
greenhouse effect. The collector provides storage
for natural energy, as the ground under the
transparent cover can absorb some of the radiated
energy during the day and releases it into the
collector at night. Thus solar chimneys also produce
a significant amount of electricity at night. The

© 2013 Global Journals Inc. (US)

2013

N 7 onr
! Year

Version |

Volume XIII Issue I

(A)

S

)

| of Researches in Engineering

Global Journa



2013

Year

N
N

Version |

[ssue 1

XIII

Global Journal of Researches in Engineering (A) Volume
£ g {

collector itself can also be used as a greenhouse,
which will benefit agriculture production accordingly

Fig. 7 - Schematic diagram of a solar power plant

e Low operation cost. Unlike conventional power
stations, and also other solar-thermal type power
stations, solar chimneys do not need cooling water.
This is a key advantage in northwestern China
where there have already been problems with
drinking water.

e lLow construction cost. The building materials
needed for solar chimneys, mainly concrete and
transparent materials are available everywhere in
sufficient quantities.

Particularly important is that no investment in a
high-tech manufacturing plant is needed, as both wind
turbine and solar collectors are well- developed
industrial products.

[1I.  MATHEMATICAL MODELS DEVELOPED

Xinping Zhou etal. (2009) developed a
theoretical model for evaluating maximum height and
optimum height of chimney for maximum power output.
The models proposed are as follows.

The electric power generated by the turbine generators,
Pout, can be expressed as

Pt = ARV A (1)

Where 77,4 s

generators. Total energy conversion efficiency can be
expressed as the ratio of Pout to solar radiation input on
the collector

the efficiency of turbine

POLIt (2)

77:—
7Z‘RC20”G

The maximum chimney height can be found out
by using expression,
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Pasumarthi and Sherif (1998) conducted
extensive research work on experimental and theoretical
performance of a demonstration solar chimney model
as part | of their research work. The purpose of the
investigation on which this paper partly reports was to
demonstrate that the solar chimney technology is a
viable alternate energy technology suitable and
adaptable to hot-climate areas such as those of Florida.
Other obijectives included developing a mathematical
model that could predict the performance
characteristics of solar chimneys and validate model
results against experimental data. The theoretical
models proposed are as follows. The collector was
divided into 25 sections, starting from air entering the
collector till the air entering the base of the chimney.

Collector: A simple energy balance across a
section of the collector yields the fluid temperature at the
outlet of that section. For example, the exit temperature
at the first section can be evaluated using

L @

mc,

t =t

f.avg

The temperature t SO obtained becomes

f.avg
the inlet temperature for the second section and so on.
The temperature attained by the air at the end of the
25th section is the temperature of the air entering the
chimney section.

Chimney: The velocity at the exit of each
chimney section can be found using following equation.

pch ach.secvi2 + 1 = pch ach.secvi2 + (pa - pch )gachsecAz - TW PEAZ (5)

Wind turbine generator: The wind turbine placed
inside the chimney converts translational energy of the
flow field into rotational energy.

16(1 5
Pu = —| = pav 6
Max 27(2,0 j (6)

The electric power output can be related to the
kinetic power by the following equation:

Pdec = ngen Pmax (7)

Typical values of the generator efficiency 77,

vary from 75% to 85%. A value of 80% for 77, is used

throughout this analysis. An overall efficiency can be
defined for the solar chimney as the ratio of the useful



electric power output and the insolation over the area of
the collector:
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Having developed the models for the analysis,
the authors finally concluded that mathematical model
capable of predicting the performance of solar chimney
systems has been developed. The model is capable of
estimating the temperature and power output of solar
chimneys as well as examining the effect of various
ambient conditions and structural dimensions on the
power output.

The potential of solar chimney for application in
rural areas of developing countries is discussed by
Onyango, F.N and Ochieng, R.M., (2006). The authors
have considered the appropriateness of a solar chimney
to rural villages and highlight some features of such a
power generating plant. A mathematical correlation was
developed for temperature ratior, and the
instantaneous electric power produced by a single
turbine P,, for square collector of side L, a circular
chimney of radius R and velocity V, at which the air
impinges on the rotor blades. The important expressions

are as follows.
T.-T
r=|-s H
(Tm _Tsj

Where, 7 is the difference between the collector
surface temperature and the temperature at the turbine
(T—T,) to the difference between the air mass
temperature under the roof and the collector surface
temperature (T,~T,), Where T, and T, are the
temperatures at the surface covered by a selective
material and at any position H in the covered area A and
h is the convective transfer coefficient.

If it is assumed that the area swept by the rotor
is the same as the cross-sectional area of the chimney,
the instantaneous electric power Pi produced by a
single turbine is readily derived as

R =102, RV
27\ 2

Where, p,, is the density of the air at

temperature Tm and the factor of 16/27 is the ideal limit
for the extraction of power.
Further can be written as,

(10)

(11)

P =3.0x10* ,8[ L ]HS
| ) H 12 R4

Where at 300 K and one atmosphere

Pk’
p= ﬁ =1.148X10™* (13)
a’Clvip,
Substituting the known the constants in

equation (13) for dry air at one atmospheric pressure

and ambient temperature (T = 300 K), the
instantaneous power reduces to
L15
Pi =448X10_43 WJZAS (14)
Thermal and technical analyses of solar

chimneys were carried out by Bernardes, M.A. and
Weinrebe, A. (2003). In the research work, an analysis
for the solar chimneys was developed, aimed
particularly at a comprehensive analytical and numerical
model, which describes the performance of solar
chimneys. This model was developed to estimate power
output of solar chimneys as well as to examine the effect
of various ambient conditions and structural dimensions
on the power output. Results from the mathematical
model were compared with experimental results and the
model was further used to predict the performance
characteristics of large-scale commercial  solar
chimneys. The results show that the height of chimney,
the factor of pressure drop at the turbine, the diameter
and the optical properties of the collector are important
parameters for the design of solar chimneys.

Mullet (1987) presented an analysis to derive
the overall efficiency of the solar chimney. The author
found that the overall efficiency is directly related to the
height of the chimney and he demonstrated it to be
about 1% for the height of 1000m and finally concluded
that the solar chimney is essentially a power generator
of large scale.

The equations developed by the researcher are
as follows.

Driving force inside the chimney is given by,

K
Ap=11.67]1-—2 |h (15)
Kl
Where, K, = Ambient temperature (293 k)
K, = Air temperature in the chimney.

h = Height of the chimney.
Velocity of air flowing inside the chimney is given as,

2aKgh |
v =| 259
|: KO :|

(16)

Where, AK = Temperature rise in K

K, = Ambient temperature (293 k)

Power rating: The mechanical power rating can be
obtained as the rate of delivery of kinetic energy at the
top of the chimney.
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Where, p, = Density of air at temperature K;.

W = Mechanical power rating.

Overall efficiency;

n, is assumed to be 80% with a reasonable rise in
temperature.

.= 0.033x 10° h

n5is assumed to be in the range of 40 to 80 %.

N=MNixM2XMN3
=1.07%

Zhou et.al., (2007) conducted experiments on a
model having 8 PVC pipes measuring 0.35m radius and
1m height. Eight peaces of pipes were taken to get
variation in height of the chimney. In the similar fashion
diameter of chimney was made to vary from 1m to 5m.
A multiple-blade designed on the operating principle of
turbine blade was installed at the base of the chimney.
The generator, commercially available, was a permanent
magnetism motor with direct current. The updraft drove
the turbine, which drove the generator to generate
electricity. In the course of experimental measuring, the
turbine-generator is under no load conditions. Platinum
resistance thermometer sensors (Pt 100) were used to
measure hot air temperatures; a mercury thermometer
with an accuracy of 0.5 1C was fixed outside the
equipment to measure ambient temperature; a thermal
anemometer with an accuracy of =0.01 m/s was used
to measure the velocity of airflow. Measurements were
sampled every 10 min. Further a mathematical model
based on energy balance has been developed to
predict the performance of the solar chimney thermal
power generating equipment for different conditions.
The models are as follows.

V :\/ngCh(TO _Too)/Too

(18)

Where, V denotes hot air velocity at the solar collector
outlet.
Power output of the total system can be found as

1
Pt = 2 TwPAV

19
3 (19)

Where 1, is the turbine efficiency, usually between 50%
to 90%.

On the basis of results obtained the researchers
finally concluded that the simulated power outputs are
basically in agreement with the results calculated with
the measurements, which validates the mathematical
model of the solar chimney thermal power generating
system. Furthermore, based on the simulation and the
specific construction costs at a specific site, the
optimum combination of chimney and collector

2013 Global Journals Inc. (US)

dimensions can be selected for a required electric
power output.

Analytical and numerical investigation of the
solar chimney power plant systems was carried out by
Tengzhen etal. (2006). Different models were
developed by the authors for determining static
pressure, driving force, power output and efficiency. The
authors felt that there is a surge in the use of the solar
chimney power plant in the recent years which
accomplishes the task of converting solar energy into
kinetic energy and also the existing models are
insufficient to accurately describe the mechanism.
Therefore a more comprehensive model is presented by
the authors to evaluate the performance of a solar
chimney power plant system, in which the effects of
various parameters on the relative static pressure,
driving force, power output and efficiency have been
further investigated.

The density difference may be expressed in
terms of the volume coefficient of expansion as

ﬂgpoﬂoq
Cp m

Ap H|:QOOII

(20)

The maximum power output can be expressed
as the product of driving force and the volumetric flow
rate and shows that the air properties, the chimney
height, the collector radius and the solar radiation have
significant effect on the maximum power output.

= ,0 Rcollq

P C T @

max

The maximum efficiency of the system can be
expressed by,

_ Po GH

c,T “
p p'0

77 max

Which demonstrates the functional dependence
of the system maximum efficiency on the air density, the
inlet temperature and the chimney height.

Padki and Sherif (1999), developed a set of
differential equations is to analyze a solar chimney. The
equations are integrated by making a few simplifying
assumptions and expressions for the power generated,
as well as, the efficiency are obtained in closed form
algebraic formulas.

Initially, the solar chimney was conceived as a
constant-diameter chimney, and a pilot plant was built
according to that design (Richards, 1982; Mullet, 1987).
But in the author’s opinion, however, the next significant
step in the improvement of the system design would
come with the design of an optimally shaped chimney,
probably of a converging type. A shape of this kind
would have two basic advantages:



Firstly, it would act as a funnel to accelerate the
flow, and secondly, would be structurally much more
stable than the constant-diameter chimney.

The analysis presented here is primarily
concerned with the movement of hot air within the
chimney. This hot air is assumed to enter the chimney
with a vertical velocity v, which is the result of the
buoyancy force. The governing equations for the air
movement within the chimney are those of the
continuity, momentum and energy.

Continuity equation:

1dv_1dA 1dp

—_——t——+— =0 (23)
vdz Adz padz
Momentum equation:
v@:(pa_pJg (24)
dz ye,
Energy equation:
d v?
—| plc,T+—+0gz||=losses 25
g erete) =

The mass flow rate into the chimney can be
expressed in terms of the ambient air density and the
temperature rise as,

m= p, A (2gh,ATT, J* (AT, +T,) (26)
The available power can be expressed as,
2(gh AT, )* /T, A?
power — (g 2O |) / aA (27)
AT, +AT)
The efficiency of the solar chimney can be written as,
(28)

_ghv | A
Mehim = CpTa |:Ai|

Equations for power and chimney efficiency are
very useful because they indicate the effects of the
various geometrical and operating parameters on the
chimney performance in a closed form. The important
geometrical parameters are seen to be the entrance
area, A; the exit area, A,, and the height of the chimney
entrance above the ground, /1, Note that the actual
height of the chimney does not come explicitly into the
picture.

The work presented by Pretorius and Kroger
(2006), critically evaluated the performance of a large
scale solar chimney power plant. The effect of including
a recently developed convective heat transfer equation,
more realistic turbine inlet loss coefficient and better

quality collector roof glass was investigated. The
influence of various types of soil on the plant power
output was established. The study concludes that the
new heat transfer equation, expressed as, reduces the

_ 02106+ 0.0026v,, (0T, /AT )"°
(4T, /gATC k2p? )'°

Annual plant power output by 11.7%. The more realistic
turbine inlet loss coefficient only accounts for a 0.6% rise
in annual plant power production, while utilizing better
quality glass increases the annual plant power output by
3.4%. Simulation models employing Limestone and
Sandstone soil produce virtually similar results to the
original model using Granite. The inclusion of the
improved ~ convective  heat transfer  equation
fundamentally changes the performance characteristics
of the solar chimney power plant.

V.

h

(29)

CONCLUSION

It is concluded that the mathematical models
developed by the different researcher are quite useful
for predicting the performance of solar chimney power
plant. Taking into account the earlier research as a
base, the subsequent researcher incorporated the
various losses which were not taken into account by the
former researcher thereby improving the accuracy of
predicting the performance of solar chimney power
plant.
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