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Abstract: A mathematical model based on the momentum, continuity and energy balance equations was
developed to simulate the behavior of the air flow inside the solar chimney system. The model can estimate
the power output and performance of solar chimney systems. The developed mathematical model is validated
by the experimental data that were collected from small pilot solar chimney; (experiment was presented in
part I(. Good agreement was obtained between the experimental results and that from the mathematical
model. The model can be used to analyze the solar chimney systems and to determine the effect of geometrical
parameters such as chimney height and collector diameter on the power output and the efficiency of the
system.
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1. INTRODUCTION

Solar chimney power plant (SCPP) is a novel
technology for electricity production from solar
energy. The SCPP consists of a greenhouse roof
collector and updraft chimney that is located at
the center of the greenhouse roof collector. The
greenhouse roof collector is usually made of plastic
sheet or glass plate which traps solar radiation and
elevates the air temperature. The chimney is used to
direct and vent the hot air through the wind turbine.
The wind turbine is used to convert the air kinetic
energy into mechanical work. No full scale of solar
chimney power plant (SCPP) has been operated to
date; however many projects have been investigated
in different parts of the world. The first outstanding
solar chimney project was the prototype erection
in 1982 in Manzanares, 150 km south of Madrid,
Spain. The chimney height was 195 m and its
diameter 10 m. The collector area was 46,000 m*
[1]. Regardless of its dimensions, this prototype
was considered as a small-scale experimental
model. As this model was not intended for power
generation, the peak power output was about 50
kw. The first known attempt for solving Navier-
Stokes and energy equations for the natural
laminar convection in steady state, predicting
its thermo-hydrodynamic behavior using CFD
(Computational Fluid Dynamics) for convective
flow in a SCPP was conducted by Bernardes, et
al [2]; the approach employed “Finite Volumes
Method” in generalized coordinates allowing for
a detailed visualization of the effects of geometrical
and operational characteristics. A set of differential
equations for SCPP were deduced and integrated by
Padki and Sherif [3]. Gannon and von Backstrom
[4] introduced a study including chimney friction,
turbine and exit kinetic energy losses in the
analysis. Schlaich, et al. [5] presented a simplified
theory, practical experience, and economy of solar
updraft towers.

The objective of this paper is to develop a model
that simulates the behavior of the solar chimney
system and to estimate the available power that can
be converted to electrical power by the system.

11

2. MATHEMATICAL MODEL

In the solar chimney the heat energy is provided
by the solar collector, and flow rate is generated
by buoyancy force and the chimney’s stack effect.
According to this principle, however, the driving
force provided by the chimney could overcome
the pressure drop in the system and ensure the
functionality of the collector. In addition, the
suction of hot air flowing through the chimney
could be used in power generation. The basic
operation principles behind the solar chimney are
summarized as follows:

1. Heat is received by the solar collector due to solar
irradiation from the sun.

2. Air is heated in the solar collector mostly by the
heat convection from the absorber.

3. Hot air then moves into the chimney due to the
buoyancy and stack effect induced in the system.
The three components of the solar chimney system
collector, chimney and turbine are simulated and
the mathematical model is presented below.

2.1 Assumptions

To simplify the analysis of the solar chimney
system, the following assumptions were made.

1. One-dimensional heat transfer through the
system layers in the (z-direction).

2. There is no heat transfer in the direction of
the flow, the energy is transferred in the flow
direction by mass transfer.

3. The heat losses from the collector edges are
negligible.

4. Properties of the absorber and insulation are
independent of temperature variation.

5. 'The sky can be considered as a black body for
long-wave length radiation at an equivalent
sky temperature.

6. Dust and dirt on the collector are negligible.

7. Axis-symmetric flow of the air inside the
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collector

8. The main direction of flow in the collector is
the direction, no flow in z and 6 directions.

9. Constant height of collector cover, i.e. radial
inward flow is considered between two

parallel plates.

10. The heat losses through the walls of the
chimney are neglected; and the flowing
humid air is considered as a mixture of two
ideal gases.

11. The upwind flow is due to the buoyancy force
only.

12. The flow in the collector is considered as a
laminar flow.

13. Convection heat transfer in the collector is
considered as the free convection mode.

Under the above assumptions the continuity
equation for each segment of the collector becomes:

(pud),,,=(pud),, ”hcolL = mch

Mchem. = pchim. I/::him. Achim.

Where: and 4

chim.

Meoll. s Mechim. 5 Popim. » V.

chim.

are the air mass flow rate through the collector, the
air mass flow rate through the chimney, density of
air through the chimney, velocity of air through the
chimney and cross-sectional area of the chimney.

2.2 Solar Collector Analysis

The solar collector provides the main natural
source of heat energy in the solar system. As the
name suggests, the solar collector collects heat
energy from solar irradiation via the absorber
layer and transfers it to the working fluid (air).
The main components of the basic solar collector
are: transparent cover and the absorber layer. The
heat losses through the solar collector are due to
conduction, convection, and radiation. Conduction
losses occur through the layer underneath of the
absorber (bottom loss) and through the edges of the
collector. Heat loss through the cover (top loss) is due
to convection and radiation to the ambient. The solar

u]

chimney collector is considered as a control volume
containing a number of radial sections as indicated
in Figures 1 and 2. Each section consists of four
nodes at different media (cover, air gap, absorber,
ground or insulator underneath of the absorber).
The nodes are distributed in a perpendicular plane
to the air flow direction (see Figure 2).

(@)

Figure (1). Top view of the solar collector

The useful energy Q_ which may be collected by
the collector of area A_ is equal to the difference
between the absorbed solar radiation and the
thermal energy loss. Therefore,

Q=A_[S,~U(T-T, )-U, (T, T coorerrc )

Where, U,is the top loss coeflicient (W/m? K), U,
is the back loss coefficient (W/m? K), T is the cover
temperature, T

amb

is the outside air temperature,
T, is the absorber temperature and T, , is the soil
temperature under the absorber. The thermal
efficiency LT which is defined as the ratio of the
net useful energy collected by collector, Q, to the
total incident solar radiation and expressed by the

Hottel-Whillier-Bliss Equation [6] as.

Where, I is the intensity of solar radiation
(W/m?), A_,is the collector surface area (m*) and
Q,, is the amount of solar radiation received by the
collector at its cover.

12
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Figure (2). Nodes at different media of the solar collector
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Figure (3). A section from solar collector showing temperatures and heat transfers through control volume

As shown in Figure 3, a part of solar radiation I,
is reflected back to the sky, another part is absorbed
by the cover and the rest is transmitted through the
cover to the absorber as a short wave radiation. The
percentage of the solar rays transmitted through the
transparent cover of the collector is called the

(Tc)

transmissivity of the cover “*¢/, and the percentage

being absorbed by the cover is the absorptivity of the
cover (@), Thus the intensity of solar radiation
absorbed by the absorber layer can be expressed as:

NI B () 2 U
Where; a, is the absorptivity of the absorber.

When the absorber collector absorbs thermal

13

radiation, its temperature becomes higher than
that of the surrounding. This leads to transferring
an amount of heat to the air inside the collector
by convection and another amount of heat to the
cover by radiation, while a part of heat is lost by
conduction to the ground underneath the absorber.
The rest of energy is stored inside the absorber.
The rate of heat loss Q
overall heat transfer coefficients (U, U,) and the

depends on the collector

out®

temperature differences.

Q= {U (T~ T)+ Uy (T, ~ T, ) } XAy e @)

Where U, is the top overall heat losses coefficient
(W/m* K) and U, is the back overall heat losses
coefhicient (W/m? K).
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(a) The cover

The small thickness of the cover makes it reasonable to consider a uniform temperature and negligible
heat storage within the cover. The energy balance at the cover control volume of thickness (6¢c) and area of
(2mtr dr) can be presented as:

[P Tams — Ted+ hoea(Ta =T+ By (Tap —Tod + by (To— Tod 4 Sz )

Where, S, = I o, and 2 may be evaluated by [h_ (T.—-T)+h, (T, ~T)|Qxrdr)=dQ, -~ @)
using McAdams correlation for the convection

coefficient of the wind effect [6] as . .
The mean temperature at each section is

h,=57+38V, evaluated as,
Where, h is the convection heat transfer T = L T et e sseneeee 8)
coefficient between cover and ambient (W/m? K), 2

V is the wind velocity, & is the convection heat . .
w Y e Where, Ta,_ and Ta,, are the inlet and outlet air

transfer coefficient between cover and air in the . .
) o temperatures at the collector sections respectively.
is radiation heat transfer

collector (W/m? K), hr b
coeflicient between absorber and cover (W/m? K),
hr&s is the radiation heat transfer coefficient between

The useful rate of heat transferred to the moving air
stream can be written in terms of the mean fluid and

) . inlet temperature as,
cover and sky. Equation (5) can be written as,

{hu-Tamb +heoTa+ hv:;_:Tab + hv:_;Ts‘I' [ac} (6) dQ ch (T T ) ......................................... (9)

Te= (ot hoathy, _+h)

Then Equation (7) can be written as;
(b) The air between the cover and the (hHT R T, +:-rrdrT )

absorber T =
a

me L 10

Consider a control volume on the air gap inside (hf—ﬂ t hap—a + P c;r) (10)
the solar collector. The rate of heat balance of the air
flows through the control volume can be written as,

(c) The absorber

When the absorber temperature is higher than that of the surrounding, some amount of the heat
transfers to the air inside the collector by convection and some heat is transferred by radiation to the cover
of the collector, and another heat segment is lost by conduction to the ground underneath the absorber. The
rest of energy is stored inside the absorber. The energy balance at differential control volume of the absorber
of thickness (8 ,) and area of (27r dr) can be presented as:

Woss (LT b)+h 2 (=T AU Loy =T+ Sy = 594,56(2;(;_“) o L% TN (11)
Then.
Tos— e |14 (B + hra_,,,c *U g _ar) L Py T, +hr,,z,,c‘Tc FU e p T ¥85.) 12
gab Pas € éab PauC | e
where: S,=It a,, U _ k; k., Where U, . 1s over all heat transfer coeflicient
e 0, ki + 0,01 k; under the absorber (W/m* .K), T, is the absorber

temperature (K), T, is the soil temperature under

14
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insulation layer at ¥ (K), 6ﬂbis the absorber thickness
(m), §, is the insulator thickness (m), §_, is the soil
thickness (m), k_,, is thermal conductivity of the soil
(W/m K), k , is thermal conductivity of the absorber
(W/m K). k, is thermal conductivity of the insulator
(W/m K) and the superscript (t) is the time at which

the absorber temperature is considered.

Estimating the convection heat transfer
coefficients is a very complex process. Therefore
simplified correlations were used for this purpose.

Table 1 shows a sample of these correlations [7, 8].

Free convection
i 14
Nux=0.54 Ra horizontal surface [8]

Num = 0.14 Ra"™
horizontal surface, [8]

10* < Ra < 107, upper or lower heated

107 < Ra < 10, upper or lower Heated

State Te<T,

Te>T,

Heat convection coefficient between

_To\H
1‘32[’1}1 Tc)4
d

-

cover and air in the collector for n

laminar flow [7].

]

A
O.Sg[Tc_TaJ

State T >T,
Heat convection coefficient of - Tab —Ta 14
absorber and air in the collector for | dr”

laminar flow [7].

Iy

Y
Ojg[Ta—Tab)
dr*

Table (1) Correlations for estimating convection heat transfer coefficients [7, 8]

*dr is the collector section length in the flow direction (m).

To determine the radiation heat transfer
coefficients, the conventional relation is used as:

. o(To + T2)(Tap +T.)
e 12’5,,;, + 1z'r£c —1

The radiation heat transfer coefficient between
the cover and atmosphere (sky) is given as,

o (TE4 TI)(T 4 TNT.~T.)

hr:_: (Tc + Tﬂmb}

The sky temperature is given by Swinbank in [6]
as;

T.=00552%T,;°

Where Tam is the ambient temperature (K).

15

d. Chimney analysis

The chimney converts the heat produced by
the collector into kinetic energy and potential
energy. Thus, air density difference which is caused
by temperature rising in the collector works as
a driving force. The pressure difference APtot
produced between chimney base and the ambient
may be calculated as,

Hepim
Ap,., = f TS Pp— (15)
o
AR, = (p('hrm - pnmp.) g H,,,
, . (16)
also p,. ~=—<him_ =—" and P, =P
Peim RT, Pamp RT,, chim = Lamp
Then,
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u |
_1 2 (22)
‘dptot - _(1 + ‘,;j Perim v chim
_ o AT 2
‘dptor = Popim ¥ 8 *F Hchim # E ...................... (17)
Using Equation (17) in Equation (22) then,
Where, Hy, is the chimney height (m), p,, is = [2egHowm , oT (23)

the air density at ambient temperature (kg/m’) and
P 18 the air density through the chimney (kg/m?).
The total pressure difference causes the flow of air
through the chimney. AP _ is equal to the sum of the
static AP, dynamic AP, pressure differences and the

pressure drop due to the friction.

APror = AP, + APy + ADjrigrion (18)
1 -
ﬂpd = Epchim V‘chim

Where, AP_is the static pressure difference
drops at the turbine, when the system is without a
turbine, then, AP = 0

Now introducing the pressure drop through the
chimney due to friction loss AP , which is direct

proportion to the kinetic energy per unit volume

friction

and chimney height H, and inverse proportion to

the hydraulic diameter of the chimney D,. . then;
1 H,, .
Apfrictipn = E f Dc L Penim V‘chim ............. (19)
chim

Where f is the dimensionless “Darcy friction
factor” .

From Equation (19), the pressure drop due to the
friction losses is proportional to the kinetic energy
per }fmlit volume by the dimensionless term
( Zchim ) which can be denoted by &. Then

Denim

Equation (19) can be written as:

1 .
APfricrion = ¢ 3 Pohim Vo chim s (20)

1 Y 1 2
Ao = Epchim Ve him T ¢ E Perim V chim = @21)

. g = Hy,
Ptor = Menim * Qu = =

C‘p * Tﬂmb

*pchim ® C'p ® Vchim =AT =4

(1+5)
The power P, . produced from the flow when

the Ap, =0 can be calculated as,

Proe = APpo *V, * A

chim

CREFIL  reererereseesnreniiennns (24)

From which the efficiency of the chimney Hznim

can be found as:

Where

é=mcp (AT)

Actual subdivision of the pressure difference
into a static and a dynamic component depends on
the energy taken up by the turbine. Without turbine,
a maximum flow speed of Ver:im is achieved and the
whole pressure difference is used to accelerate the
air and is thus converted to kinetic energy.

1 2
Ptot = 5(1 + é—'jm T/ eeceecnciiniiiiiiiiiiiiniiiiiiene, (26)

chim

By substituting Equation (17) in (24) and then
in Equation (25), the chimney efficiency can be
written as;

g* Hchz’m (

C'p * TE mb

Mehim =

This simplified representation explains one of
the basic characteristics of the solar chimney, which
is that the chimney efficiency is fundamentally
dependent only on its height. Then the total power
resulting from the air flow can be found as;

16
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P, =M %V

tot T chim chim

5 AT % A i woooeomsessesessssesosessssesossesossesosseesosesosseso (29)

e. Turbine Analysis

The heat flow produced by the collector is converted into kinetic energy and potential energy through the
chimney. Due to the air density difference, the lighter column of air in the chimney produces pressure
difference Ap,,. which is equal,

1 2
-
2

Perim v chim (30)

1 2
‘ﬂpror = aprur +;pchim v chim + f

If the turbine extracts a fraction (xtm) of the total driving potential Ap, .. then;

Ape,, = xtm = Ap, .

Equation (30) can now be written as,

1 . 1 2
Ap, .. = xtm = Ap, . + Epchim V= pim T € E Ponim Vogn oo 31)

The air velocity through the chimney becomes:

Vipim = ||2*ﬂpm(1—xfm3 ............................................................................................................................... (32)
shim .\‘l Ponim(1+ &)

Using Equation (17) in Equation (35) the result is,

AT (1-xtm)
k3

[
Veopnim _\‘| 2eg=H_, . P (33)
The theoretical useful power P, at the turbine becomes:
P = Vi * Acnim ® DD wroereseresessissssssssessses s ssss s sess s (34)

The power of the turbine takes its maximum value when:

dptur' _
dav.
dpf:i?" 3 2
W=D=dpmt—(1+f) Epchimw chim stooeeer (35)
2 A
I (36)

chim -\JS . Pchim(l + 5;)

Comparing Equation (32) with Equation (36), the maximum power can be gotten when xtm = 2/3
And the volumetric flow rate can be estimated as:
V=1V

him

17
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Then Equation (34) can be written as:

P =V=* APy

tur

The maximum power is achieved when two
thirds of the total pressure difference is utilized by
the turbine and can be expressed as:

Ptu?",max = gnsoll * Nenim = AcoH Sl SRS (39)
2 ) g ) ) .
'Pmr,ma:r = g *Neou ™ c xT = Hchim "ACDH #1.. (40)
- amb

The maximum electrical power from the solar
chimney is obtained by multiplying Equation (40) by
turbine efficiency that contains blade, transmission
and generator efficiency.

P

electric Ptu?‘,mﬂx

3. NUMERICAL SOLUTION
PROCEDURE

The proposed solution method was implemented
by utilizing the MATLAB software. The theoretical
model assumed that for a small collector, the
temperatures of the “boundaries” surrounding
air streams are uniform. The collector was divided
into equal sections. The inlet air temperature of the
first section is equal to the ambient temperature.
Heat transfer and loss coefficients are evaluated
according to the initially guessed values of cover,
air, absorber layer, insulation layer temperatures
and mass flow rate of air. An iterative process for the
energy balance equations is then created until the
convergence of all temperatures occurs. The inlet air
temperature of the second section is set equal to the
outlet temperature of the first section. The iterative
procedure is repeated until the temperatures are
predicted for all sections of the collector. At the
end of the iteration, the program calculates the
outlet temperatures of the air streams at the outlet
of the last section of the collector that representing
the temperature at the chimney inlet while the
temperature at the chimney outlet is equal to the
ambient temperature. Now the buoyancy force and
the mass flow rate through the chimney can be
calculated. By this repetitive and iterative process,

u]

all required parameters including the temperatures
throughout the entire collector, the mass flow rate,
and the power generated by the turbine can be
obtained for each time step.

The model was programmed to simulate the
overall thermal system behavior and evaluate;
1- Temperature distribution of the collector in any
layer at any section. 2- Air velocity distribution
in the collector and air velocity through the
chimney. 3- Mass flow rate through the chimney.
4- Efficiencies of the collector, the chimney and
overall solar chimney system. 5- Total pressure drop
of the system. 6- Electrical power output.

4. RESULTS AND DISCUSSION
4.1 Model validation

The experimental data were presented in Part-I
of this paper [9] and that from reference [10] are
used to validate the mathematical model. Good
agreement was obtained between the experimental
and the
mathematical model. The comparisons between the

results results from the developed
results are illustrated in Figures 5 to 8. The solid lines
indicate the results from the model and the symbols
present the experimental results. It should be noted
that the input data used in the model are the same
as those in the experiment. In general, the results
from the model show good agreement between
the experimental results and those predicted by
the model. However, some differences between the
measured and the predicated results do exist due to

the assumptions and idealizations of the analysis.

4.2 Comparison of theory with experiment

Four days with different ambient temperatures
and different values of solar radiation are considered
for comparison (see Figure 4).

The comparison covered air velocity through
the chimney and temperatures at some specified
points inside the collector and at the entrance
of the chimney. The temperatures and velocities
comparison is presented in Figures 5to 8.

Figures 5 & 6 show the comparison between

18

9102 (2) 5 () B30y, ‘awdojana ajgvuisng puv (Biauz, vjos



Solar Energy and Sustainable Development, Vorume (5) N2 (2) 2016

Ibrahim A et al.
o

the mathematical model results and those from
experiment. Figure 5 presents the temperatures of
the absorber at some points in the collector, and
Figure 6 presents the temperature at the chimney

entrance. Any increase in the intensity of solar
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radiation leads to an increase in the temperature of
the absorber which in sequence leads to an increase
in air temperature inside the collector. Figure 6

indicates that the temperature at chimney inlet

reaches its maximum value in the afternoon.
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The graphs of Figure 8 show air temperature
distribution at different sections throughout the
collector. The minimum values of the temperatures
were recorded in the morning and reached their
maximum values at noon when the solar irradiance
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reaches its maximum value. The figure also
indicates the maximum values of air temperatures

in the middle of the collector at the entrance of the

chimney.
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Figure (8). Comparison of air temperature distribution in the collector at different time intervals

5. CONCLUSIONS

This work presents an analytical model to
predict the performance of solar chimney power
plant. The model showed good agreement with that
from the experiment. However, some differences do
exist due to the assumptions and idealizations of the
analysis. From the results, several conclusions may

be made as follows:

1. The air speed peak is directly related to the

temperature difference between collector

internal temperature and the ambient

temperature.

2. Temperature difference between the collector air

21

outlet and the ambient can reach high values
during summer time in Libya, which generate
an air flow that can drive a wind turbine and
produce electricity through the generator.
This means that solar chimney system may be

operated to produce electricity in Libya.

3. The performance of solar chimney at noon hours
is higher than that in the morning and evening

hours.

4. The floor of solar collector stores part of thermal
energy during the day and releases it during
the night; therefore, using absorbers with high
thermal capacity in solar chimney power plants

is important to produce electricity after sunset.
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6. NOMENCLATURE

A Area (m?)

C Specific heat (J/kg K)

D Diameter (m)

dr Incremental radius (m)

f Darcy friction factor

g Gravitational acceleration (m/s*)

H Height (m)

h Convection heat transfer coefficient (W/m?K)
h, Radiation heat transfer coefficient (W/m?K)

I Global horizontal irradiance (W/m?)

K Thermal conductivity (W/mK)

Nu Nusselt number

Qi Rate of energy input (W)

Qu Rate of useful energy output(W)
r Radius (m)
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