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ABSTRACT

Energy generated from wind turbine depends fo 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. The wind
speed in a certain location changes always with time and with the height above
ground surface. In this work, the effect of wind speed at the top of the tower on the
performance as well as on the energy generated from thermosyphon solar turbine
was studied theoretically. One location in Egypt was chosen for this study. The
calculations were achieved mainly with the solar turbine Jocated at tower bottom. For
the purpose of comparison, the energy generated from the solar turbine was
compared with that generated from free wind turbine at tower height with the
absence of solar tower.

it was found that, the wind speed at the top of the tower results in a pressure drop
which affects the performance of the thermosyphon solar turbine. This pressure drop
increases with the rise in wind speed and will be zero only when the wind speed at
the top of the tower reaches zero. It was also found that, there is an increase in
friction losses through the tower and a decrease in both temperature difference
between inlet and outlet of the tower and in heat losses from tower walls with the rise
in wind speed. The inlet air velocity to the solar turbine and consequently its specific
power were found to be increased with the increase in wind speed at the top of the
tower. Therefore, the effect of wind speed at the top of the tower must be taken into
account during thermosyphon solar tower calculations. By comparing the
performance of solar turbine and the free wind turbine located at tower height with
the absence of thermosyphon solar tower, it was found that the mean inlet air
velocity to the solar turbine located at tower bottom and consequently its specific
power are higher than those values for free wind turbine. The increase in mean inlet
air velocity to the solar turbine is found to be 17 % of its value for a free wind turbine.
The increase in yearly specific energy generated from solar turbine is expected to be
57 % of its value for free wind turbine.
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INTRODUCTION

In the last decade intensive attention was paid to reduce the pollution of the air
resulting mainly from the use of the conventional sources of energy in the thermal
power plants. A way in this direction is the use of renewable energy sources {1,2].
The major disadvantage of renewable energy sources is their low specific power
compared to the conventional sources of energy. In the field of wind energy, the
specific power of a wind turbine can be improved by increasing the air velocity at the
inlet of wind turbine [3,4]. Therefore the recent researches attempt to 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, which named thermosyphon solar tower [8,9].

In _references [8,9], the effect of different parameters on the performance of
thermosyphon solar tower was studied theoretically. In the previous works the effect
of wind speed at the top of the tower was not studied and there is a need to study
this effect on the performance of thermosyphon solar tower and on the energy
generated from solar turbine. This is the aim of the present study.

The mathematical model used in this study is explained in the next sections,
followed by the results and conclusions of this work. '

LOCATION OF STUDY

One location in south Egypt, named Kharga, where the solar radiation intensity is
suitable, was chosen for this study. The wind speed frequency distribution for this
Jocation, at 10 m level above ground surface is shown in Table 1 [10}.

The solar wind turbine is located at the bottom of.the tower. For the purpose of
comparison, the energy generated from solar turbine is compared with that
generated from free wind turbine at tower height with the absence of thermosyphon
solar tower.

MATHEMATICAL MODEL

A rectangular cross section tower with 150 m length, 10 m width and 300 m height is
chosen for this study [8]. The solar radiation intensity and the inlet temperature of air

are assumed to be 600 W/m? and 293 k° respectively. The following parameters are
considered in the present study, heat losses from the tower walls, the head losses
through the tower due to friction, the variation in density and air velocity through the
tower and the variation of the wind speed in location. Fig. 1 shows the solar tower
and the location of the solar turbine and free wind turbine.

The flow problem under consideration can be represented by the foliowing
equations:
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Where h is the height of the tower, p.nm is the average atmospheric density at inlet
and exit of the tower, p,, is the average air density inside the tower, g is the
gravitational constant, v, is the vertical velocity of air at the inlet of the tower, v, is
the vertical velocity of air at the outlet; py.o is the docal air density, hy,, is the head
corresponding to turbine power and hy, is the head loss through the tower due to
friction.

The head corresponding to turbine power by, is ca|cu|ated according to the relation

hlurb \] 77mm1 2 g Cq (2)

Where ¢ is the discharge coefficient through the turbine, assumed to be 0.6, and
ot IS the total effi iciency of converting kinetic energy of wind to electric energy, can
be taken in practice as 0.405 [11,12].

The frictional head losses through the tower h, ¢ are calculated from the following
relation

My = JHvi 728 Dy ©)

Where v, is the average flow velocity through the tower, Dy, is the hydraulic diameter
of the lower and f is the friction factor. The friction factor in the above equation is
determined from Prandtl and von Karman's equation as follows [13)

1 Dy
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Where y is the height of roughness, assumed to be 0.09 mm.
The hydraulic diameter can be calculated from the foliowing relation

Dy~44.7U ®)

Where A is the cross sectional area of the tower and U is the circumference.
The atmospheric density at tower height h is calculated usmg the following relation
{8,14]

pth)  p... ... (1-0.000027 h) ®)

The horizontal wind speed at the top of the tower vy, , corresponding to its value at
10 m level above ground v, , can be calculated using the Hellmann equation {11]

h+h\"
¥y, = \,v“( "\1 (7

10/

Where hy is the tower bottom height above:ground;-assumed to be 0.5 m and a is
the height constant, depends on the smoothness and topography of location, and
can be taken for this location as 0.2 [4,111.

To study the effect of wind speed at the top of tower, the Newton’s second law of
motion is applied near the top of the tower and the following equation is obtained
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AP =p v, (th2 +2v22)/ 2(\)2,,2 + vzz) ®)

The horizontal wind speed at the top of the tower results:in a reduction in pressure
AP, which increases with the rise in its value and will be zero, when the horizontal
wind speed reaches zero.

The exit pressure, without the effect of wind speed at the top of the tower, can be
taken as the atmospheric pressure at the exit altitude according to the following
relation [8,14]

P(h)= P,(1-0003566k/ 7.} ©

Where P(h) is the pressure at height h, T, and P, are the ambient temperature and
pressure.

The exit pressure with the effect of wind speed at the top of the tower P, can be
estimated as

P, = P,(1-0003566k/ T,) - AP (10)

The average density inside the tower p,, is calculated by averaging the inlet and exit
densities (o; and py), assuming the pressure at the inlet as atmospheric.
The exit temperature T, can be estimated using the following relation

7; =0y = Ouss )4, /(C, )+ T, A1)

Where Q, is the net solar radiation being received by the tower surface, Qss is the
heat lost by conduction and convection through the walls, A; is the surface area of
the tower, m is the mass flow rate of air through the tower, T; is the inlet
temperature to the tower and C, is the constant volume specific heat of air, assumed
to be 0.718 kj/kg k. The surface area of the tower can be calculated as follows

A =hU (12)
The heat losses through the wall Q,oss is cailculated from the following relation [15]
(~)lr1s,\‘ = (]Tim’ - Toul) th (1 3)

Where T, is the mean temperature inside the tower, T, is the temperature outside
the tower and Ry, is the overall thermal resistance.

I A
Ry == ' — —— (14)
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Where aoy is the heat transfer coefficient between the tower wall and outside air,
assumed to be constant at 28.4 W/m’k [8,16], 4x is the wall thickness taken as 0.32

cm, ky, is the thermal conductivity of the wall and is equal to 1.18 W/m k and «,s is
the heat transfer coefficient between the air inside the tower and the wall.
ains is determined from the following relation [8];

ins N" kau' I.)I:' (1 5)
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Nu = 0.023 Reo'8 Pr0'3 (16)

where k; is the thermal conductivity of air, assumed to be constant as 0.026 W/m k
{16], Nu is the Nusselt number, Re is the Reynolds number and Pr is the Prandtl
number, assumed constant at 0.7 [8].

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

p_):P,?"/RaTZ o g (17)

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

m=p Ay, =pA,v, (18)

Where A, and A, are the cross sectional area of the tower at inlet and outlet
respectively, assuming to be equal.
The specific power of the turbine is estimated as

.\!) = O‘Splr)cal y 7 Jocal '71(111.‘1[ (1 g)

Where v is the local inlet air velocity to the turbine.
The yearly specific energy generated from the turbine can be estimated using the
refation [17]

E=F [spd (20)

-
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Where F, is the availability factor of wind turbine, taken as 0.95, 7., is the unworking
time due to low wind speed and 7,,, is the unworking time due to high wind speed.
The wind turbine works only between start wind speed v and stop wind speed vg ,
where vg = 0.3 v, , vg = 2 v, and v, is the rated wind speed. The rated wind speed
depends on the mean wind speed in location. The optimum ratio between rated and
mean wind speed can be estimated from [17]. The actual yearly working time for the
turbine <, can be estimated according to the following relation.

zrw = [:a (876()* Tunl - Tunh) . (21)

The above equations (1-21) were solved 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 turbine and
specific power. The yearly specific energy generated from the turbine, the yearly
unworking time due to low and very high wind speed and the yearly working time
were calculated for the solar turbine and for the free wind turbine and compared
together. A computer program was written for this purpose,

RESULTS AND DISCUSSION

Effect of Wind Speed at the top of the tower

Figure 2 represents the relation between wind speed and the pressure drop at the
top of the tower. The wind speed at the top of the tower vy, results in a pressure

drop, which increases with-the rise in wind speed and will be zero when the wind
speed reaches zero according to equation (8). Figure 3 shows the variation in inlet
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air velocity to the solar turbine and its specific power with the wind speed at the top
of the tower. The increase in wind speed results in an enlargement in both inlet air
velocity and specific power. Figure 4 clarifies the effect of wind speed on the friction
losses through the tower. There is a rise in.friction losses with the increase .in wind
speed. This is due to the rise in the air velocity inside the tower which has the main
effect on the friction losses. Figures 5,6 represent the effect of wind speed on the
temperature difference between .iniet and outlet of the tower and the heat losses
from tower wall Q. It is seen that, there is a decrease in both temperature
difference and heat losses by the increase in wind speed. The heat losses from the
tower wall depend mainly on the temperature difference inside and outside the
tower. This clarifies the decrease in heat losses with the increase in wind speed.

The Comparison between the Energy Generated from Solar Turbine and free
Wind Turbine - .

Figure 7 shows, for the two turbines, the variation of inlet air velocity to solar and
free turbines with 10 m ievel wind speed in location. There is a growth in inlet air
velocity with the increase in wind speed. Although the value of iniet air velocity to the
free wind turbine v,;, seems to be sometimes greater than that for the solar turbine,
the yearly mean inlet air velocity to solar turbine is found to be grosser, about 117 %
of the corresponding value for free wind turbine and 233 % of the mean wind speed
in location at 10 m level. The yearly specific energy generated from solar turbine in
Kharga is found to be 157 % of its value from the free wind turbine at tower height
with the absence of thermosyphone solar tower.

The yearly mean inlet air velocity to the turbine (m/s), the yearly specific energy
generated (KW hr/m?), the yearly unworking time due to low wind speed (hr), the
yearly unworking time due to very high wind speed (hr) and the yearly working time
(hr) are represented on Table 2 for both solar turbine and free wind turbine in
Kharga.

CONCLUSIONS

In the present work, the effect of wind speed at the top of the tower on the
performance of thermosyphon solar turbine as well as on the energy generated was
studied theoretically. One location in Egypt, where solar radiation mtensnty is
expected to be hlgh was chosen for this study.

it was found that, the wind speed at the top of the tower results in a pressure drop
which affects the performance of the thermosyphon solar turbine. This pressure drop
increases with the rise in wind speed and will be zero only when the wind speed
reaches zero. It was found also that, the increase in wind speed at the top of the
tower results in an increase in friction losses through the tower, a decrease in
temperature difference between inlet and outlet of the tower and a decrease in heat
losses from tower walls. The inlet air velocity to the turbine and consequently
specific power were found to be increased by the rise in wind speed. Therefore, the
effect of wind speed at the top of the tower must be taken into account during
thermosyphon solar tower calculations. By comparing the performance of the solar
turbine and the:free wind turbine which is located at tower height without the use of
thermosyphon solar tower, it was found that the mean inlet air velocity to the solar
turbine and the yearly specific energy generated are higher than the corresponding
values for the free wind turbine. These values for the solar turbine were found to be
117 % and 157 % respectively of their values for the free wind turbine.
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NOMENCLATURE

Ay cross-sectional area of the tower at inlet

A, cross-sectional area of the tower at exit

A surface area of the tower

a height constant

C, constant volume specific heat of air

Cq discharge coefficient through the turbine

Dy hydraulic diameter of the tower

d; tower depth

f friction factor

h height of the tower

hime head losses through the tower due to friction
ho tower bottom height

hun  head corresponding to turbine power

ks thermal conductivity of air

Ky thermal conductivity of the wall

L tower length

m mass flow rate of air through the tower

Nu  Nusselt number

P pressure

P,  ambient pressure

Pr Prandtl number

Quss heat lost by conduction and convection through the wall
Qso  net solar radiation being received by the tower surface
R; gas constant of air

Re  Reynolds number

T inlet temperature to the tower

) exit temperature

Tns meantemperature inside the tower

Tow  temperature outside the tower

Vo wind speed at 10 m level above ground
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Vi

V2
Van
Vi
ins
Uout
totat
P2
Patm
Pav
Plocal
%y

velocity of air at the inlet of the tower

vertical velocity of air at the exit

horizontal wind speed at the top of the tower

average flow velocity through the tower

heat transfer coefficient between air inside the tower and the wall
heat transfer coefficient between the tower wall 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

yearly time
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Fig. 1 The location of solar turbine and free wind turbine
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Fig. 5 Variation of temperature difference
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Table 1 wind speed frequency distribution for Kharga

Vo, knot 1-3 4-6 7-10 11-16: 17-21 22-27 28-33 | >=34
m/s |0.51-1.54 | 2.1-3.1] 3.6-5.1 [ 5.7-8.2 | 8.7-10.8 {11.3-13.9| 14.4-17 | >=17.5
7y, hr 17484 118411 | 23491 | 2246.9{ 4146 64.2 0.73 0
Table 2 yearly mean inlet air velocity, sp. energy, unworking and
working time for solar and free turbines
solar turbine free wind turbine
Vim | €nergy Tunl Tunh Tw V2hm energy Tun! Tunh Tw
99 | 1530 0 0 8322 8.5 - 972 1748 575 6115
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