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Abstract

The goal of the paper was to simplify the designing process for mass and energy flow
through solar collector - chimney system. Theoretical analysis allowed to get involved
system of three nonlinear analytical equations in dimensionless forms that have been
saved. Dimensionless numbers for the problem are well known in the literature on fluid
mechanics and thermodynamics: Reynolds, Grashof, Galileo, Biot and Prandtl. In the
analyzed equations are also dimensionless geometric parameters expressing the ratios of
basic geometrical dimensions of the collector system-chimney: the radius disc collector
to the thickness gap, the height and radius of the chimney. In the system of equations,
the Reynolds number is treated as the determined number, which is a novelty of the
method used.
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1. INTRODUCTION

The air flow and associated heat transfer through solar collector - chimney
system became an important topic of many research projects. Depending on the
research directions, it may serve various goals, from evaluating the effect of
parameters of the systems air flow by natural ventilation in the buildings
through small-scale systems of electrical energy generation to its generation in
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full-scale systems. Many papers were published on the subject, mainly devoted
to the analysis of concrete experimental projects which do not have sufficient
theoretical analysis. In the existing scientific literature there is lack of simple
analytical analysis of the air flow and associated heat transfer through solar
collector - chimney systems. The theory is usually used to illustrate and analyze
real systems than attempt to provide the simple analytical model to connected
dynamics of air movement and heat transfer in the solar collector - chimney
system.

Solar collector - chimney system can work as a solar thermal power plant, which
firstly converts solar energy into thermal energy in the solar collector to farther
convert it into kinetic energy in the chimney which final electricity generation
by applying the wind turbine and generator.

One of the first attempts to use the solar collector systems and a chimney is the
one proposed in 1903 by Isidoro Cabanyes. His work - engine design proposed
the introduction of solar air heater attached to the house with chimney. The
interior of the chimney was equipped with some type of rotor to produce
electricity [4]. For the first time a joined system of solar collector and the
chimney was designed by Schlaich in 1970 in Manzanares, Spain. Chimney
height was 195 m, its diameter 10 m with collector radius 122 m. The prototype
has been recognized as an experimental model on a small scale. Its final power
was about 50 kW [7]. Schlaich, 1995 proposed a new approach for designing
a solar collector chimney, in which the collector uses both direct and diffuse
radiation and heat storage provided by soil. The construction of the solar
collector and the chimney uses simple materials and technologies [13].
Considering the fact that solar chimney systems are a large role in energy supply
in countries where there is abundant sunlight. Many researchers have studied
this type of technology, especially in the last few decades, they have studied the
production technology of thermal solar energy which is the potential
applications worldwide. Gannon and Von Backstrom in 2002 proposed the use
of a mathematical model of the rotor system for energy production in solar
chimney systems. As show research to improve the efficiency occurs when the
applied inlet guide vanes [6], in another study examined the different cross-
sections along the model of a turbine blade rotors with different numbers [5].
Bernardes et al., 2003 developed a comprehensive analysis of the analytical and
numerical models describing the operation of the solar collector chimney, that
allow to estimate the power of solar chimneys, as well as to investigate the
influence of different environmental conditions and geometrical dimensions on
the power of solar chimneys. The mathematical model was validated with
experimental results and was used to predict the performance characteristics of
large-scale commercial solar chimneys. It turned out that the stack height,
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pressure drop rate in the turbine, and diameter properties are all of high
importance [3].

Maia et al., 2009 analyzed the turbulent flow inside a solar chimney. Turbulent
flow was modeled by the numerical solution - equation of mass, energy, and
momentum. The experimental results were compared to analytical ones. They
observed that the most important physical variables in a solar chimney project
refer to tower dimensions. The model of the airflow proposed allows to
determine the fields of velocity an temperature inside the solar chimney [9].
Tayebi and Djezzar, 2013 analyzed the thermo-hydrodynamic conditions for the
air flow in natural convection conditions. Laminar steady quasi-state flow is
presented in the system for established of boundary conditions. The method and
fluid flow in the system were tested for two different geometries. Simulations
were performed based on three values of Rayleigh number, Ra = 103, 104 and
105. The results indicate that the maximum speed at the inlet of the tower and
chimney. The results of this work will allow the designer to properly locate the
solar chimneys turbine [15].

Asnaghi and Ladjevardi in 2012, studied the effectiveness of solar chimney
power plant in Iran. The results showed that the solar chimney system having
the same dimensions as in Manzanares can produce from 10 to 28 MWh / month
electricity [1]. Evaluates different environmental conditions and dimensions of
the solar chimney in Iran [12]. It has been shown that the solar chimney power
plant with a height of 350 m and a diameter of 1000 m collector can produce a
monthly average of 1-2 MW of electricity air flow inside the chimney solar
power plant are described in the work of Bernoulli's equation Hamdan 2013 [8].
Park et al. analyzed typical renewable energy systems for energy and exergy
Maia et al., describe their analysis of the air flow inside the plant with the use
solar chimney the experimental data [11] and [10].

There are studies based on the review on renewable energy particular solar
chimney. Zhou et al. in 2010, presented the image of the research and
development of solar chimney power plants in the past few years [17]. Chew
and Shi presented an overview of the design on renewable energy systems, in
particular, a system based on solar energy [14]. Zhai et al. provides an overview
of the main configuration and integrated renewable energy systems based on
solar chimneys. The results showed that solar chimney technology has been
recognized as an effective and economical way to design a low-carbon buildings
[16]. Banos et al. in 2011 provides an overview of the current state of
knowledge in the calculation optimization methods used for renewable and
sustainable energy [2].

The aim of the work is to create an analytical approach and based on it simple
calculation method for solar collector-chimney systems which can generate
electricity.
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2. THE THEORETICAL MODEL OF THE SYSTEM
The theoretical model of solar collector - chimney system is shown in Figure 1.
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Fig. 1. Solar collector - chimney system

The radius and the height of the tower are respectively R. and H.. Cover

height of the solar collector is constant 2h, the solar collector radius is R . The
absorbed solar radiation by the air flow is ¢. Velocity and pressure of the air
entering to the solar collector are respectivelyu;,, and p,, the velocity of the air

in chimney isu, . The air temperature inside collector is T .

2.1. The analysis of the incompressible flow of Newtonian fluids in the
solar collector

Taking the incompressible flow assumption into account and assuming constant

viscosity inside the collector (see Fig. 1), the Navier-Stokes equation will read,

in form:

2
fﬂa_a_[zz(a_j K ] e

por ot or ror or ) (2 oz

From the principle of conversation of mass the total mass flux crossing the
cylindrical surface is

0
ur=const.=u,+r

R, LT 2.2)
;



THE THEORETICAL ANALYSIS OF MASS AND ENERGY FLOW THROUGH SOLAR 121
COLLECTOR - CHIMNEY SYSTEM

Equation (2.1) can be reduced as follows, after introducing the above equation
and assuming the stationary flow du, /ot = 0and lack of the mass force f, =0.
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Fig. 2. Velocity profile in the collector channel

The velocity and the derivative of the velocity in any cross-section can be
described by equations (see Fig. 2)

2 2
22\ ou,(r,2) 2z du,(r,z) Lu
ul(rz)=-u, |l-—|=>—"—"2=u -2-—=>—"2=2-1 (24
(r.2) ( hzj 0z h? oz? h? @4
where u_ is the maximum velocity in any cross section r and 2h is the

distance between the blades.

The maximum velocity as a function of the average velocity is determined on
the basis of the analysis

h 2
Iu 1- % |dz
m h2
a ==
2h
By substituting the above relation in the equation (2.3) and use the
simplification the simple differential equation is obtained

ou? U,
_1op 60 o0,
por 5 or h
After separation of variables and integrating, and using the mass conservation

law u,,R=0,r (u,- the air velocity at the inlet to the collector) the equation
can be written

U, . (2.5)

N w

:gumﬁum:

(2.6)
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2p2
p u.R° 3WRu, (dr
_;: or2  h? dr e &7

where C is a constant.
The above equation fulfill the boundary condition

p=p, forr=R, (2.8)

An under-pressure of the flow air inside the collector as a function of the radius,

by integration of the equation (2.7) and calculation of the constant C, can be
expressed as

1 LI(RY 3vRu, . R
-p==pu || —| -1|+—"Ih—. 2.9
pb p 2 pu|n|:[ r j :| h2 r ( )
Hereby we introduce the following dimensionless variables
Lt J ST}
R ou, 14 R
Equation (2.9) can be reduced as follows, after introducing non-dimensional
guantities
=51 oton(3) (2.10)
5\r nRe \r

The shapes of the under-pressure and the velocity in the collector are given in
Figure 2.
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Fig. 3. Distribution of dimensionless pressure I'T for Re > 500, n = 0.05
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From the Figure 3 we can see that the dimensionless pressure I'T depends only
on the radius I . From the theoretical point of view in the center of the collector
the dimensionless pressure is equal the infinity. From practical point of view the
radius of chimney has the finite value, so the press parameter is also finite.

2.2.  The dynamics of heat exchange supported air flow
The instantaneous heat g from the sun is transferred to the air which flows

between the circular plates. The energy balance may be described by equation:
§-2z-r-dr=2z-r-dr-a(T -T,)= -
2h-p-c,-2z-r-T-U, —2h-p-c,-2z(r+dr)-(@, +da,)-(T +dT)( 1)

After the rejection of the higher-order small parameters in the above equation
we obtain:

§-27-r-dr—2z-r-dr-a(T -T,)=-2h-p-c - 27z-d(r-G, - T). (2.12)
Thanks the principle of conversation of mass (ru, = const.) the above equation
(2.12) can be written

g-r-dr—r-dr-aT-T,)=-2h-p-c, -u, -R-dT. (2.13)
After separation of variables to give the equation
_2h-Repec, U, dg-a(T-T, )]

r-dr . : (2.14)
a q- a(T _Tot)
the solution to this equation is
2 2h-R-p-C.-U
r P20 T nlg-alm -T, )]+InC, (2.15)
2 a
where C is constant.
The boundary condition gives
r=R, T=T,. (2.16)

Thus by substitution in (2.15), these steady state temperature distribution can be
expressed by the following equation
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T=T, +3 ll—exp[— “ (R? - rz)ﬂ. (2.17)

a 4h-R-p-c,-u,
By introducing the following dimensionless variables:

~ T-T ~ j
rzL; 0= Ot; q= q ; Bi=—;
R Tot O{Tot is

._Ol_h_ Z:l_;
A

equation (2.17) can be reduced as follows:

0= a{l—exp[—%(l—'fz)}} (2.18)

The curve of the temperature distribution in the collector depending on the

radius of the collector is presented on Figure 4.
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Fig. 4. Distribution of temperature inside collector for Bi = 15, n = 0.05, Pr = 0.712,
q=4.735

2.3. The analysis of the incompressible flow in the chimney
The momentum equation of flow inside the chimney (see Fig. 1), can be written

in form:
0:_1%_94_‘/ lg r% (219)
p oz ror\ or
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The above equation can be rewritten in the form of two independent equations
which equal the common constant (2.20)

14 1g[r%j =i%+g = const. (2.20)
ror\ or p. 0L

As can be seen the left side of the equation (2.20) depends on I', the right side
depends on z. This implicates that both sides are equal to a common constant.
Integrating the second of the above equation and applying the boundary
conditions:

for z=0, p, = pe, and for z=H, p, = p,, ,

the pressure distribution in the chimney and the value of the constant are equal
respectively:

P. = Pco +[ Po=Peo _ £ g]pcz ; (2.21)
pCHC IDC
pb B pcO pb B pcO
t = - T -T.), 2.22
cons ) +[ . 9}3( 0~ Tor) (2.22)

the following correlations were used in the above equations:

Py = By _ch’ P :p[l_ﬂ(TO _Tot)]'

Integrating the first equation (2.20) and using the boundary conditions inside the
chimney for r =R.,u, =0 and forr =0,u, <oo, the velocity in the chimney is
obtained as:

u, = {_ Py — Peo _( Py — Peo _i}g(-l-o _Tot)}(RCZ _ rz), (2_23)

4vpH . 4vpH, 4dv

and in dimensionless form

I :{_ I, Re _(HC Re nGajGro 490}(@2 P e

8nm 8nm 4Re ) Ga

where the velocity in the chimney, the press parameter in the beginning of
chimney, the Reynolds number, the Galilei number, the Grashof number, and
two geometric parameters of the collector-chimney system can be presented
respectively as:
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. 3 3
_ 2(pp - h R
Go =9 o APo=Pco). po _uinh. oo GR® o_ 0FTotR”

Uin pug v V2 V2
n=t. n-He

R R

The average velocity in the chimney is

i :1{_ I, Re _(HC Re nGajGro GO}FCZ- (2.25)

l

2 8nm 8nm 4Re ) Ga

From the mass conservation principle in the solar collector - chimney system we
have

Pl aRE = pu, 47nR* =T, = 4u, np. [ pr2. (2.26)
The condition for the air flow in the chimney is
I1. Re® TI. Re’Gr
C - + C - 0 90.
2n“m 2n“mGa

From Egs. (2.10), (2.18), (2.25) and (2.26) we receive the coupled system Egs.
(2.28) to calculate the press parameter I, the dimensionless temperature 6,

and finally from Eqg. (2.29) the Reynolds number Re
8n _ Tl Re _[HC Re nGa)Gro g

(2.27)

Gr,6, >

r’ 8nm 8nm 4Re)Ga °
I, = (712—1}1 nt. (2.28)
I nRe I

~ Bi —
g, =qg<1- S———— A 1S
0 q{ exp[ 4nRePr( fe )}}

Using the system equation (2.28), enables to calculate the Reynolds number
from the equation

f(RE):— F;4

McRe (TcRe nGajGr, & _, .0
8nm 8nm 4Re ) Ga
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Fig. 5. Example dependence of the function f ( Re ) on the Reynolds number Re

The calculations were performed for the sample collector-chimney system.

Figure 5 illustrates the method of determining the Reynolds number
=402 g 0, =214

Next the dimensionless parameters e
On that basis the dimensional parameters were also calculated, which can be
seen in Tab.1 (Example 1).

Table 1. Table of theoretical results

were calculated.

Re =1040

q T R h
Example o He Re Re
W / m? °c m m m m
1 800 25 20 0.50 50 0.1 1,040
2 800 25 50 0.50 50 0.1 1,640
3 900 25 50 0.50 50 0.1 1,660
E | Ui, U Ps = Pco T,
Xample
1 0.16 12.92 188 124.62
2 0.25 20.37 467 122.1
3 0.26 20.62 478 134

Next the dimensionless parameters IT. =402 and g, = 2.14 were calculated.

On that basis the dimensional parameters were also calculated, which can be
seen in table 1 (Example 1).
It is possible but more complicated to farther develop the theoretical design
procedure to be used more accurately also for the turbulent flow of the air. In
this case, the theoretical velocity distributions of the air flow in the collector
channel (see Fig. 3 and Egs. 2.4 and 2.5) and the pipe chimney should be

changed.
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Fig. 6. The effect of height of the Fig. 7. The effect of heat flux density on
chimney on inside air temperature and air temperature and velocity in chimney
velocity for g=800W/m? for He=50 m

Figures 6. and 7. illustrate interrelationships between the height of chimney and
the heat flux density and both the temperature and the velocity of the air inside
the chimney. Increase of the chimney height leads to increase of inside air
velocity and decrease of inside air temperature (Fig.6), whereas increasing heat
flux density increase both the temperature and air velocity in the chimney (see
Fig. 7).

3. CONCLUSIONS

In the paper the simple analytical method was developed which enables to
evaluate most important characteristics of the collector - chimney system. The
presented method is particularly suitable for laminar flow conditions in a
collector (relatively small systems, not appropriate for electricity generation).
For the turbulent flow conditions (larger systems with higher inside air
velocities which can be used for small-scale electricity generation) the results
are less accurate, although their accuracy still seems to be acceptable at least
when first, approximate results are sufficient to be carried-out for the purpose of
preliminary design evaluation of solar collector-chimney systems.

The above analysis on the demonstration collector-chimney system shows in the
simple way that the heat can be converted to the motion of the air. It is
confirmation of both the first and the second principle thermodynamics.

NOMENCLATURE

R radius of the collector, m ;
H_ chimney height, m ;

c
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Py)

o

S—|Q_Q. 3_0},@_50 b<©‘:33§

c — -

radius of the chimney, m;

collector height, m ;

ratio, = h/R;

ratio, = H. /R;

cylindrical coordinates, m ;

gravitational acceleration, m s72:

kinematic viscosity of air, m?s™;

density of the air, kg m™>;

specific heat at constant pressure of air, J kg’l K™
heat conductivity of air, W m™*K™;

heat conductivity of the plate collector, W m™K™;
mass flow rate, kg s7*:

heat flux density, W m~=;

convection heat transfer coefficient, W m2K™;
ambient temperature, °C ;

temperature of air in the collector, °C ;

temperature of air in the chimney, °C ;
velocity in the chimney, m s™;

velocity input to the collector, m st

pressure, Pa ;
barometric pressure, Pa;

inlet pressure in the chimney, Pa ;
dimensionless pressure;
dimensionless temperature;

Biot number;

Galilei number;

Grashof number;

Prandtl number;
Reynolds number;
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(]

dimensionless velocity in the chimney;
dimensionless radius in the chimney;
dimensionless radius in the collector;
dimensionless heat flux density.
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ANALIZA TEORETYCZNA PRZEPLYWU MASY I ENERGII PRZEZ UKLAD
KOLEKTOR SEONECZNY - KOMIN

Streszczenie

Przeptyw powietrza przez system kolektor stoneczny i komin, opisano w pracy
stacjonarnymi réwnaniami zachowania: pedu (rownanie Naviera-Stokesa), masy
i energii, ktore nastgpnie rozwigzano analitycznie przy spelnieniu warunkow
brzegowych: zanikanie predkosci powietrza na powierzchniach wewnetrznych tarcz
kolektora i komina. Teoretyczna analiza pozwolita uzyska¢ uktad trzech uwiktanych
nieliniowych analitycznych réwnan, ktoére zapisano w postaciach bezwymiarowych.
Liczbami bezwymiarowymi w rozwigzywanym problemie sa dobrze znane w literaturze
dotyczacej mechaniki ptynow i termodynamiki liczby: Reynoldsa, Grashofa, Galileusza,
Biota i Prandtla. W analizowanych rownaniach wystepuja tez geometryczne parametry
bezwymiarowe wyrazajace stosunki podstawowych wymiardw geometrycznych
systemu kolektor-komin: promien tarczy kolektora, szeroko$¢ szczeliny, wysokos¢
i promien komina. W przedstawionym uktadzie réwnan liczba Reynoldsa traktowana
jest jako liczba okreslana, co jest nowoscia stosowanej metody, a nie jak zazwyczaj
bywa zadang liczba okre$lajaca zjawisko. Obliczanie jej dla danych warunkow
zewnetrznych i geometrycznych komina pozwala stosunkowo tatwo obliczy¢ pozostate
szukane wielkosci jak predkosci powietrza wlotowego do kolektora i w kominie,
rozktad temperatury powietrza w szczelinie i kominie. Otrzymane wielko$ci pozwalaja
ostatecznie okresli¢ moc badanego systemu kolektor stoneczny-komin. Przedstawiona
metoda obliczeniowa porzadkuje dotychczasowy sposob projektowania kolektorow
stonecznych i moze by¢ pomocna dla projektantow inzynierow energetykow.

Stowa kluczowe: ~ uktad kolektor stoneczny - komin, przeptyw powietrza, analiza
teoretyczna
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