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ABSTRACT

The power of a wind turbine depends to a great extent on the wind
speed at its inlet. The use of thermosyphon solar tower is an attempt
to increase the air velocity at inlet of the wind turbine and of course
to increase its power. In this work, the effect of tower geometry on
the performance of this thermosyphon solar turbine was studied
theoretically. Three models with equal cross section area were
studied in this work. The first one has a rectangular cross section
with 150 m length and 10 m depth. The second model has a
triangular cross section with equal triangle length of 58.9 m. The
third model has a circular cross section having a diameter of 43.7 m.
It was found for the three models that, there is an increase in
temperature difference between inlet and outlet of the tower, heat
losses from tower walls, friction losses through the tower, inlet air
velocity to the tower and consequently specific power of wind turbine
located at tower bottom with the enlargement in tower height. The
values for the above parameters were found to be larger for
rectangular cross section tower than their values in the other two
cases. It is preferred to use rectangular cross section tower because
of the gross values of inlet air velocity and specific power in this case.
The values of inlet air velocity and specific power for rectangular
cross section tower, for tower height 500 m, were found to be 108%
and 126% respectively of their values for triangular cross section
tower, and 111% and 137% respectively of their values for circular
cross section tower.
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INTRODUCTION

Energy is the main requirement for anydevelopment in each country. In the last
decadeintensive attention was paid to reduce
the pollution of the air resulting mainly from
the use ofthe conventional sources of energy
in the thermal power plants. A way in this
direction is the use of renewable energy
sources [1,2].Special attention is given to the
use ofwind energy and solar energy. A major
disadvantage of the most renewable energy
sourcesis their low specific power. In the field
of wind energy, the specific power of a wind
turbine can be improved by the rise in the
wind speed at the wind turbine location [3,4].
Therefore the recent researches attempt to
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study how to increase the wind speed at the
inlet of wind turbine by using different ways
[5]. Some of them investigate the use of solar
energy to increase the velocity of air flowing
through tall tower connected with large
collector [6,7], or through only tall tower
without collector [8].

There is a need to investigate the
influence of tower shape on the performance
of wind turbine located at tower bottom. The
aim of this work is to study theoretically the
effect of three favorable tower shapes on the
performance of wind turbine located at tower
bottom and to decide which one is suitable.

The mathematical models used in this
study are explained in the next section,
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followed by the results and conclusions of
this work.

MATHEMATICAL MODELS
Three tower forms with equal cross

section area were studied in this work. The
first one has a rectangular cross section with
150 m length and 10 m depth. The second
model has a triangular cross section with
equal triangle length of 58.9 m. The third

model has a circular cross section having a
diameter of 43.7 m, as shown on Figure 1.
The models considered in this work take the
following parameters into account: tower
height, solar radiation intensity and inlet
temperature to the tower. The heat losses
from the tower walls, the head losses through
the tower due to friction and the variation in
density and air velocity through the tower
were also considered during the calculations.

Air outlet

Figure 1 Dimensions of three towers used in this study
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The flowproblem under consideration can be
represented by the followingequations:

(1)

the local air density, hmrb is the head
corresponding to turbine power and hlfric is
the head loss through the tower due to
friction.

The atmospheric density at any height h
is calculated using the followingrelation [8,9]

The average density inside the tower Pay
is calculated by averaging the inlet and exit
densities (PI and P2)' assuming the pressure
at the inlet as atmospheric and the exiting
pressure is the same as the atmospheric

Where h is the height of the tower, Patm is
the average atmospheric density at inlet and
exit of the tower, Pav is the average air
density inside the tower, g is the gravitational
constant, v1 is the velocity of air at the inlet,

v2 is the velocity of air at the outlet, Plocal is

p(h) = P sealevel(1-0.000027 h) (2)
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pressure at the exit altitude. The exit
pressure can then determine as [8,9]

Where P is the pressure at height h, Ta and Pa
are the ambient temperature and pressure.
The exit temperature T2 can be estimated
using the following relation

and kair is the thermal conductivity of air,
assumed constant as 0.026 W jmK [10], DH is
the hydraulic diameter of the tower, Nu is the
Nusselt number, Re is the Reynolds number
and Pr is the Prandtl number, assumed
constant at 0.7 [8].

P(h)=Pa(1-0.003566hjTa)526 (3)

Nu=0.023 Reo8f>r03 (9)

(4)
(10)

Where Qsolis the net solar radiation being
received by the tower surface,Qloss is the heat
lost by conduction and convection through
the walls, At is the surface area of the tower,
illis the mass flow rate of air through the
tower, T}is the inlet temperature to the tower
and Cv is the constant volume specific heat of
air, assumed to be 0.718 kJjkg KO. The
surface area of the tower can be calculated as
follows

Where Ac is the cross sectional area of the
tower.

The density of air at exit P2 is determined
from the ideal gas law as

(11)

Where Ra is the gas constant for air.
The mass flow rate of air inside the tower is
obtained from the continuity equation as

(5) (12)

Where A1 and A2 are the cross sectional area
of the tower at inlet and outlet respectively,
assuming to be equal, v2 is the velocity of air
at the top of the tower.
The frictional head losses through the tower
hI fric are calculated from the following
relation

Where U is the circumference. The heat losses
through the wall Qloss is determined by the
followingrelation [10]

(6)

Where Tinsis the mean temperature inside the
tower, T is the temperature outside theout

tower and Rth 1S the overall thermal
resistance. hI fne = fh v~ j2g DH (13)

Where y is the height of roughness, assumed
to be 0.09 mm.

The head corresponding to turbine power
hturb is calculated according to the relation

(14)
1 D
- = 4(210g-H + 1.74)2f 2y

Where Vt is the average flow velocity through
the tower and f is the friction factor. The
friction factor in the above equation is
determined from Prandtl and von Karman's
equation as follows [12]

(7)

(8)

Where aOUlis the heat transfer coefficient
between the tower wall and outside air,
assumed to be constant at 28.4wjm2 KO
[8,11], !:J.xis the wall thickness taken as 0.32
cm, kw is the thermal conductivity of the wall
and is equal to 1.18 Wj mKo and amsis the
heat transfer coefficient between the air
inside the tower and the wall. ains 1S

determined from the following relation [8]

Where
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The Effect of Tower Geometry on the
Friction Losses through the Tower

Figure 4 represents for the three towers
the effect of tower height on the pressure drop
through tower due to friction tJ.Prric. There is a
growth in friction losses with the increase in
tower height. It is seen also that, the friction
losses are grosser for rectangular cross
section tower than the other two cases. The
friction losses increase with the increase in
the air velocity inside the tower and tower
height, and decrease with the increase in the
hydraulic diameter of the tower. In this work,
the hydraulic diameters for the towers with
rectangular, triangular and circular cross
section were taken as 18.75 m, 33.98 m and
43.7 m respectively. This explains the
increase in friction losses with tower height
and why friction losses through rectangular
cross section tower are gross.
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Figure 3 Effect of tower geometry on the heat losses from
tower walls

The Effect of Tower Geometry on the Heat
Losses from Tower Walls

Figure 3 clarifies the effect of tower height
on the heat losses from tower wall Qloss'
There is an increase in the heat losses with
the enlargement in tower height. Also the
heat losses are grosser for rectangular cross
section tower than the heat losses for
triangular cross section tower and they are
grosser for triangular cross .section tower

. than that for circular cross section tower. The
heat losses from the tower wall depend
mainly on the temperature difference inside
and outside the tower. This clarifies the
increase in heat losses for rectangular cross
section tower and with tower height increase.

(16)

rtd.

Figure 2 Effect of tower geometry on the temperature
difference between inlet and outlet of the tower

I
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The above equations (1-16) were solved for
the three models simultaneously by iteration
to calculate the heat losses from tower walls,
the friction losses through the tower,
temperature difference between inlet and
outlet of the tower, inlet air velocity to the
tower and specific power of wind turbine
located at tower bottom. A computer program
was written for this purpose. The calculations
were achieved mainly at constant values of
solar intensity 600 W/ m2 and inlet
temperature 293 KO for tower height range
50-500 m.

RESULTS AND DISCUSSION
The Effect of Tower Geometry on the
Temperature Difference between Inlet and
Outlet of the Tower

Figure 2 shows the variation ill
temperature difference between inlet and
outlet of the tower L\T with tower height, for
the three models considered in this work.
There is an increase in L\T with the increase
in tower height. Also, the temperature
difference for tower with rectangular cross
section is grosser than the temperature
difference for the towers with triangular and
circular cross section. This is due to the gross
surface area of the tower in this case.

hturb= v~l1totaJ/2gcq (15)
Where cq is the discharge coeffi,:ientthroug.h
the turbine, assumed to be O.b, and htotaJ1S
the total efficiency of converting kinetic
energy of wind to electric energy, can be
taken in practice as 0.405 [13,14].
The specific power of a wind turbine is
estimated as

A 38 Alexandria Engineering Journal, Vol. 38, No. 1, January 1999



The Effect of Tower Geometry on the Performance of 'fhermosyphon Solar Turbine

4D23l m
lm.er heiltt. III

;ID

!
:Ill

:
"", ""-

'" ~JJi"

~
l ~

2!Dl I140
i

~

Figure 6 Effect of tower geometry on the specific power
of wind turbine located at tower bottom

CONCLUSIONS
In the present work, the effect of tower

geometry on the performance of
thermosyphon solar tower, when there is no
enough area near the tower to construct a
solar collector and the solar tower itself works
as a collector, was studied theoretically. The
calculations were done for three favorabIe
tower shapes. The first one has a rectangular
cross section with 150 m length and 10 m
depth. The second model has a triangular
cross section with equal triangle length of
58.9 m. The third model has a circular cross
section having a diameter of 43.7 m.

It was found that, the increase in tower
height results in an increase in temperature
difference between inlet and outlet of the
tower, heat losses from tower waIls, friction
losses through the tower, inlet air velocity to
the tower and specific power of the wind
turbine located at tower bottom. It was found
also that, the above parameters having
grosser values for rectangular cross section
tower than their values in the other two
cases. The use of rectangular cross section
tower is found to be better than the triangular
cross section tower and circular cross section
tower because of the large values of inlet air
velocity and specific power in this case. For
tower height 500 m, the inlet air velocity for
rectangular cross section tower is 1110/0 of its
value for circular cross section tower and the
corresponding specific power of the wind
turbine located at tower bottom is 1370/0 of its
value for circular cross section tower.

the wind turbine for rectangular cross section
tower is 1370/0 of its value for circular cross
section tower .
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l'lgure 4 EfTect of tower geometry on the friction losses
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Figure 5 EfTect of tower geometry on the inlet air
velocity to the tower

The Effect of Tower Geometry on the Air
Velocity at the Inlet of the Tower
Figure 5 shows, for the three models, t?e
variation of inlet air velocity to the tower Wlth
tower height. There is a growth in inlet air
velocity with the increase in tower height. At
the same value of tower height, the inlet air
velocity for rectangular cross section tower is
larger than the other two cases. For tower
height 500 m, the inlet air velocity for
rectangular cross section tower is 111% of its
value for circular cross section tower.
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The Effect of Tower Geometry on the
Specific Power of Wind Turbine Located at
Tower Bottom

Figure 6 represents, for the three models,
the effect of tower height on the specific
power of the wind turbine. It is seen that, the
specific power increases with tower height in
the three cases and the specific power for
tower with rectangular cross section is
greater than that in the other two cases. The
enlargement in specific power with the
increase in tower height is accompanied with
the increase in inlet air velocity to the tower.
For tower height 500 m, the specific power of
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NOMENCLATURE
cross-sectional area of the tower at
inlet
cross-sectional area of the tower at
exit
surface area of the tower
constant volume specific heat of air
discharge coefficient through the
turbine
hydraulic diameter of the tower
tower depth
friction factor
height of the tower
head losses through the tower due to
friction
head corresponding to turbine power
thermal conductivity of air
thermal conductivity of the wall
tower length
mass flow rate of air through the
tower
Nusselt number
pressure
ambient pressure
Prandtl number
heat lost by conduction and
convection through the wall
net solar radiation being received by
the tower surface
gas constant of air
Reynolds number
specific power of the wind turbine
inlet temperature to the tower
exit temperature
mean temperature inside the tower
temperature outside the tower
velocity of air at the inlet
velocity of air athe exit
average flow velocity through the
tower
heat transfer coefficient between air
inside the tower and the wall
heat transfer coefficient between the
tower and outside air
efficiency of converting kinetic energy
of wind to electric energy
density of air at the exit
average atmospheric density at inlet
and exit of the tower
average air density inside the tower
local air density

REFERENCES
1. M. K1eemann, M. Meliss, "Regenerative

Energiequellen", Springer Verlag, (1988).
2. H. Crome, Windenergie - Praxis

Oekobuch Verlag, Freiburg. (1987).
3. E. Hau, Windkraftanlagen - Grundlagen,

Technik, Einsatz, Wirtschaftlichkeit;
Springer Verlag, Berlin, (1988).

4. J.P. Molly, Windenergie - Theorie,
Anwendung, Messung; Verlag
C.F.Mueller, Karlsruhe, (1990).

5. G. Aachen, Windenergiekonzentratoren
Theoretische und experimentelle Studie
zur Erhoehung der Leistungsdichte von
Windturbinen in Wirbe1n; BWK
35(1983)5.

6. W. Haaf, K. Friedrich, G. Mayr, J.
Schlaich, "Solar Chimneys - Principle
and Construction of the Pilot Plant in
manzanares", Int.J.Solar Energy, pp. 3
20, Vo1.2 (1983).

7. AS. Sabry, "Modeling and Simulation of
Solar Chimney", Proceeding of Fifth Int.
Conference of Fluid Mechanics, Cairo,
(1995).

8. S. Perez, B. Tooker, T.A Bussi,
"Theoretical Study of a Thermosyphon
Solar Turbine", Solar Energy, Vo1.54,
NO.5, pp.345-350, (1995).

9. F. White, "Fluid Mechanics", McGraw
Hill New York, (1994).

10. M. Mikheyev, "Fundamentals of Heat
Transfer", Mir Publishers, Moscow,
(1968).

11. M. Ozysik, "Basic Heat Transfer" ,
McGraw-Hill Book Company, New York,
(1977).

12. RS. Khurmi, "Hydraulics, Fluid
Mechanics and Hydraulic Machines", S.
Chand Company, New Delhi, (1976).

13. J. Twidell, "British Wind Energy
Association - A Guide to small Wind
Energy Conversion Systems" Cambridge
University Press, (1987).

14. A Darwish, A. Saygh, "Wind Energy
Potential in Iraq" Jour.of Wind
Engineering and Industrial
Aerodynamics, pp 179-189,27(1988).

Received May 28, 19'
Accepted November 10,19'

A40 Alexandria Engineering Journal, Vel. 38, No. 1, January 1999



The Effect of Tower Geometry on the Performance of Thermosyphon Solar Turbine

- ~:.\ ..\S)}\~\Of~-J~" ....J\A ....•." ••:'J\~jJ\~b\~L.5""" ~,J\~~->J\~\..I~~

UJ.Jl:J\ .J~t.e ~i
~y.J1 ~l,.- ~~\ :i.......4J1~

0ji;,--J\ 0.l'lh.: ~\ cy\ r\~J '~rll y...l.o.l;&. c.~)1 As-.r' Js- op:S' ~)..l! A.;I~\ ~?\ o)'J.i ~

~I y.iUL\)~ ~ ~\ IoU J .IA\)'.~ o~~) JW4) A.;\~\ ~?\ y...l.o .l;&.C.~)\ As-.r' o~~) ~)~ ~ I.S)I}-\

;-.5i,f cp1lll.:-'~J~i ';;"j.J )~J t .J.a3( J~'l\ ~( a!.;Al.w....i~..rl\ ~\~TJs- ~\ cy\ \.1l. ~~\

o.i-...ll ,f J)'l\ cy\ .~)l-..::.4 ~ h-L.-A 0~ 0i lA~~i)~J J ~)) ..l.i) .~\ IoU J ,,-,\)J.1l ~ ~ J~'ll
JL.:. ~ .v~~ J\:.lI Cyl \..0; .? ,•~ f) '?' o • .vJS.l! J}» ,~\ ~I h-L.-A )~ cy\ ~ C'.l-'l\

.'p H',V o~IA.lI."hi) ~}\~ F h-L.-A)~ cJW\ Cyl) .'? OI\,,\.vJS.1j ~ Jy,) 't.~'l\ 1.S)l....:;.A ~

:,fi \..0 ~\ IoU ~\;;; r; .:.r)

'Cp-J\ ~..u) C~ ~ 0)1}-\ ..:;;~)~ J} t.1,Aj)J J ~ 0)w\ ~~I JI5:.;.~ cy\ t.1,Aj)J J O~~)\ 0; ~)

'c..r.---J' 01)',~ e:: ~\~I ll~~ ~ ..LW\t.1,Aj)J 'cy\ 0\)~ J!.jP ,f ~ .,d') ~4 o~jA4l\ 0;I}-' ~ t.1,Aj)J

J o~~)I 0i ~) L$ 'cy\ j.L.i As-~).\ A.;\~I ~.rJJ ~.,J\ 0)..lAl\ o~~) cll.lS") cy' y...l.o .l;&.~I~\ As-.r' o~~)

UI?-JJ ~\ ~\ h-\......4 )~ cy' ~~ J ~ ~\ ~\ ~L.-A )~ Cyl ~~ J op:S' 4,)~ ,,:;;\?')W\ ooU

I~ FI~}I..ul) :;,(:.11,f ~I ~ c'y!'l\ rl~J ~.u\! cll.D) .1S}\..u\~\ ~~ J ~ ~\ ~\
er-! t.. L-.Ai)J ~) Jw'\ ~ ~ . ~\j..1 ooU J ~.rU ~ rJ\ 0)..lAl\ O~~) JW4) cy\ y...l.o .l;&.~I~I ~ .r O~4)

wi .~\ I.S,r--J\..ul cpD \A~ d' 0/0' , , I.S)W .}.b-l\ cyl y.J.A ~ C.~)\ ~ .r 0i ~) ?o •• I.S)~

.~\ I.S}I..ulcpD ~ d' % 'Y'V ~ .}.b-l\ cyl ~~ J ~.rJJ ~.,JI 0)~\

Alexandria Engineering Journal, Vol. 38, No. 1, January 1999 A 41


