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Abstract

A mathematic model is presented for solar updraft tower power plant with
water-storage system. This madel is developed to evaluate the effect of geometrical
parameters of the solar tower power plant and thermal storage system as well as the
wind velocity on the power production of the plant. The analysis based on variable solar
incident radiation along the day. The results show that the tower tall, the tower
diameter, the wind velocity, and the collector diameter have a significant effect on the
power production while (he thickness of the water-storage layer is shifted the peak value
of the outpul power far away from mid-day and more smoothing the output power
curve, The results are compared with other model and experimental data. A good
agreement is obtained.
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Nemenciature
Agn  collector area (m";]
A, LOWEE Cross Seciion grea (m")

cp.  specific heat of air (Mg K}
¢pe  specific heat of water-storage { Jkg K)

. solar collector diameter (m)
1y, hydraulic diameter of the (m)
sular  collector

D,  tower diameter {m)
G solar intensity Wi’y
G,  global solar constant {W/m’)
E gravitational acceleration (5" )
Hea  height of the collector (im)
H, tower height {m)
H, water-storage layer thickness {2m}

Iy; heat transfer coefficient (Wim" K}

of inside collector

. heat transfer coefficient
of outstde collector

k, thermal conductivity of air  (Wim K}

m_ air mass flow rate (kgfs)
H. Cp,

&

(Wi’ K)

Fr Prandtie number {

J (-}

1. Introduction

The solar tower or solar chimney
offers a method for large scale
generation of electricity from  solar
energy. Air 15 heated near the ground by
trapping solar radiation in a flat circular
glass-toof greenhouse. The heated air
rises in the tower, and the updraft 1s used
to drive a turbine.

In order to obtain & more uniform
daily solar iower power plant outpul, the
solar collector can be equipped with a
thermal storage like  water—storage
system to increase the power production
during the might. The concept of the
solar tower was designed and put imo
use during 1980 by J.Schlaich et al.f1,2].
Hauf et al[3] provided Fundamental
investigationn for the Spanish prototype
system i which the energy balance,
design cnteria, and cost analysis were
discussed. Backstrom and Gannona[4-7]
proposed a  thermodynamic cycle

u,,D
Re  Reynolds number (Bl oy gy
K,
1 time (s}
T.;  air temperature at the (K}
collector inlet
Tys  air temperature at {K)
the collector outlet
T ambient temperature (K)
T, water-storage tentperature (K}
U, average airvelocity {m's}
in the collector
L air velocity in the selar tower  (m/fs)
Ugind  wind velocity (m/'s)
o absorptivity of water-storage -
p,  airdensity in the collecter  (kg/m’)
p,  water-storage density (kg/m™)
M, turbine-generator efficiency (-}
At day length (hr)

Ap  Pressure difference between the  {Pa)
tower base and the surrounding.

analysis for the soclar tower power plant
operation. Papageorgiou[8,9] extended
their studies producing analytical resulis.

Many other investigators swudied
the effect of the thermal storage on the
performance of the solar tower plant.
Among these stodies, the investigation
of Bernardes et aljl0] 2003 which
provided a thermal and technical
analysis of solar tower plant with water-
siorage system. Their results show that
the height of the tower, the the diameter
and the optical propertics of the collecter
are important parameters for the design
of solar towers while the ground
properties andwater-storage presented no
significant variation on the energy
output, but on power output vs. time.
Also Sehlaich et al. [11] 2003, presented,
theory, pracitcal experience, and
ecomomy of solar updraft towers. They
found that the thermodynamic efficiency
of the plant increases with tower height.




2. Mathematical Model

A mathematical medel of solar
updraft tower power plant has been
developed  under the  following
assumptions:

1. The heat loss through the tower wall is
neglected.

2. The air flow through the collector is
considered as flow between parallel
plales.

3. No heat loss into the ground,

4. The storage water temperaturs is
uniform.

5. The air flow in the system is due to

11

dar
alA,, — hA_ (T, -T,)=m,cp, _{#‘
Ry
Where
m, =p, Ay H, (2)

And the energy eguation for the air
streatn through the collector is;

By A (T, —T,) ~h, A, (T, ~T.) =
r'hucpi (Ta,n _Tlll.)

bouncy force. {3)
The simplified heat balance equation of Where
the solar collector shown in fig.l. is
iven as: T 4T .
a2 T —_3® a,i (4}
* 2
=
Dy - ]
® il I Solar radiation
: 4, ;
.__,-' I I_."I .._'.
3 ¥ : w : ¥
S
Hcﬁ' —» — > LT — a— laj

Water storage

Fig.1 The schematic diagram of solar tower power plant.
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Substitution of equations (2),{3), and (4)
into equation(1) gives the following time
dependent differential equation:

dT, o G h,

At p.ep H, p.epH,

[F?_n“ﬂ]'rﬂ + T )
T L

. J&l{:l:lll
{%&}r%(hi +h)
cell

(5}

The inside heat transfer coefticient (h; )
istakenas[12].

_ {78 [Re ~1000)Pr k,

h, s = (6
141274 /8(PrP =1y "

Where

f =[0.791n{Re) — 1.64)] > (7)

Where Dy, is the hydraulic diameler of
the solar collector by considering the
flow through the collector as flow
between parallel plates of infinite width;

Dy =2H, (8)
And
Re = puuenllnh (.9)
Ha

From continuity  equation:

T
m, =pP,, ED.Z u, =paD_H_ ,u_,
(1)
Where
pa el & pa L
=0 82 11
9, 5 (11)

The average air velpcity through the
collector can be expressed as:

2 m, “dr i, el
hpa {rﬁiﬂl_rl } LY r 2x pn (rmll _rt) L

{12)

Where
I and 1, are equal to (D_, /2) and

{D,/2) respectively.

The heat transfer coefficient from the
collector to the ambient air is given by

Rk

h,=537+38u_, {13)

2.1. The Solar Tower

The velocity of the hot air at the
collector outlet (tower inlet) can be
estimated using Bernoulli equation as
follows:

u, = 24D (14)

p&,n
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and the pressure difference dus to the
buoyancy force between the air at the
solar tower base and the ambient air is
given by[11];

H,
Ap=g [{p,, —p.)dH, =g(p, . ~p.)H,
[¥]
(15)

Thus, the eguation (14) can be written in
term  of temperature differcnce as
follows:

s (16)

By

ngHt{Tacr _'Tnn-)
u, = 2

The pressure difference is used 1o
accelerate the air and is thus converted to
kinetic energy;

, (17

b3 | —
)

The output elecincal power of the plant
can be foundas[11]:

U

P, =
3

N, Pao AL u,’ (18)

3. Results and Discussion

The amount of power varies with
the vanation of incident solar radiation.
The eguation that describes the amount
and variation of solar radiation incidcnt
on a clear day is given by the following
sinusoidal relation [13 §:

z {
G=G, sm{i} (19)
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Where Gy is the global solar constant
which approximately equal to 1000
Wim?, t=0 for the sunrise and Az is the
day length which is given by the
difference between the sunrmise and the
sunset,

The time dependent differential
equation {5) is solved numerically for
the T; as a function of time () for
different parameters. The data used in
the analysis are tabled as follows:

Parameter Value
Tower height 1000 m
Tower diameter 100 m
Solar collector diameter 5000m
Collector height 3m
Water-storage height 10 em
Wind velocity 3 mfs
Ambient temperature 28 T
Day length 12 hour

Watgr—storage absorptivity 0.9
Efficiency of turbine-generator 0.8

The results are display on figures
(2-8). In these fipures it's clear that the
output power bepin to increase after the
sunrise hour (6 am) the peak of the
power production occurs beyond the mid
day due to use of the thermal storage,
Fig.(2) shows the effect of water-storage
thickness on the output power. This
effect can be shown in two ways: a
decrease in the peak wvalue and an
increase in the min. value of the power
and shift them far away from the midday
time, It can be deduced that the average
oulput power approximately remain
constant and the use of the power of the
plant is become more uniform as a result
of use the thermal storage.

In Fig (3}, the power production
of the plant increases with increasing the
collector diameter due to a more solar
encrgy absorbed as the collector area
increases. Fig.(4) shows a significant
increase in the powser with the tower
height due to the increase of the pressure
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difference between air at the tower base losses from the coliector roof as the wind
and ambient air as the tower height velocity increases as it clear shown in
increases. The increase of tower Fig.(7). Fig.(8) shows the water-storage
diameler increascs the upward air mass temperamure and air temperature at the
flow rate and in turn increase of the tower base are closed to each other,
kinetic energy as shown in F ig.(5). since the air spends a long time to heat
up from the perimeter 10 the collector .
A shightly decrease in outpw center. A comparison between (he
power with the collector height since the present model and experimental data of -
air  velocity through the collector profotype  solar  tower plant  of .
decreases as  the collector height Manzanares  (Spain) presented by
increases causing a decrease in the heat Bernardes 1 al. [10] is shown in Fig{9).
transfer to the flowing air across the It is clear that the present model output
collector as it clear in Fip.(8) As it is closed to the experimental data and
expected the increase of wind velocity Bernardes et al. model. This provides
decreases the power production of the evidence for validity of the present
solar plant due to the  increase in heat analysis.
power,

1] 4 B 1% = 20 r] & B

Fig.2, Effect of the water-storage lavet
thickness on output power,

power.
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Fig. 3. Fffect of the collector diameter on output Fig.5. Effect of the tower diameter on QurpLi
power,
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Fig.8. The watet storage and air lemperature
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Fig.%. Comparison of the present model and
experimental data presented by Bernardes
model{10].

4. Conclusions

1- Mathematical model for the
solar updraft power plant with
water-storage  systemn 1S
presented.

2- The tower and collector
dimensions are of significant
effect on the  power
production of the solar tower
power plant.

3- The water storage effect on
the power output with time
but no significant effect on
the energy output.
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