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Abstract: In this, paper the authors propose a new simplified method of solving the problem of air flow
through a solar chimney system using a classical system of equations for the principles of conservation
(momentum, mass, and energy), as well as a general solution to research the problem using similarity
theory. The method presented in this paper allows one to design a solar chimney. The theoretical
analysis was compared with experimental studies on existing solar towers. The experimental and
theoretical studies were satisfactorily consistent. For clarity, the phenomenon of heat flow in the solar
chimney was described using dimensionless numbers, such as the Reynolds, Grashof, Galileo, Biot,
and Prandtl numbers. In the equations for the dimensionless geometric parameters, the ratios of the
collector radius to the thickness gap, height, and chimney radius were used. The method used to test
the system of equations allows us to analyse various solar collectors easily. In the scientific literature,
there is a lack of a simple calculation method to use in engineering practice, suitable for each type of
solar chimney independent of dimensions and construction parameters.

Keywords: solar chimney; air flow; analytical and experimental solutions; method of calculation

1. Introduction

Solar chimneys offer considerable potential for energy supply in countries abundant in sunlight.
Especially in the last few decades this technology has been studied widely [1-4]. Researchers have
focused on developing the technology of thermal solar energy, with potential applications worldwide.
Kasaeian et al. [5] presented a comprehensive review of solar chimney systems. Depending on the
research directions, solar chimneys may serve various goals [6-9], such as natural ventilation in the
buildings [2,5,10-13], small-scale power plants, generation in full-scale energy generation systems,
and some applications in smart islands [14-18].

A power plant consisting of a solar collector and a chimney can work as a solar thermal power
plant [6,7,18-25], which first converts solar energy into thermal energy in the solar collector to further
convert it into kinetic energy in the chimney, with final electricity generation by applying a wind
turbine and generator [14,16,26]. The construction of such a solar chimney may depend on the shape
and dimensions of both the collector and chimneys and their canopy profiles [10,27].

Most researchers focus on solving the problem of heat flow in solar chimneys using numerical
simulations instead of analytical solutions. Compared to the analytical method, fewer assumptions
are used in numerical simulations. However, it is possible to obtain more detailed descriptions of the
temperature and flow field. The number of studies on numerical methods adopting computational
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fluid dynamic programs (CFDs) to predict the efficiency of solar chimneys is constantly increasing.
One of the first works using 2D numerical simulation to determine the temperature distribution and
flow field in the collector was published by Pastohr et al. [28]. Similar numerical methods were used
by Xu et al. [29,30]. Hamadan and Khashan [21] presented numerical results for a constant air flow
inside the solar collector. The CFD analysis was used to determine the position of the turbine using
the available power quantity. The CFD data showed that the height and size of the chimney are
strongly related to each other, and the appropriate nozzle design at the entrance to the chimney is also
important to reduce pressure losses. Koonsrisuk and Chitsomboon [31] developed a theoretical model
that uses CFD analysis to conclude that the performance of a solar chimney with a sloping collector
and divergent-top chimney is superior to a conventional chimney. In numerical 3D simulations,
Guo et al. [32] validated experimental and numerical studies on the influence of solar radiation, turbine
pressure drops, and ambient temperature on the solar collector’s prototype in Manzanares, Spain. In
the work of Abdelmohimen [33], the results of the collector tests from Manzanares were validated with
the results of the numerical tests and proved to be consistent.

There are works discussing the problem of air flow through the solar collector system as an
analytical issue. Pasumarthi and Sherif [34,35] developed an approximate model for studying the
effect of various parameters on air temperature and velocity distribution in the system. Padki and
Sherif [36] analyzed the solar collector system’s efficiency, as influenced by the chimney, by developing
an appropriate analytical model. This model allowed them to calculate the power output and efficiency
of the solar chimney. Gannon and Von Backstrom [37] used a proposed mathematical model to apply a
rotor for energy conversion in a solar chimney. They demonstrated that the use of blades to direct the
air inlet resulted in improved system performance. Bernardes et al. [38] conducted a comprehensive
analysis of analytical and numerical models describing the operation of a solar chimney power plant,
which allowed them to estimate the output power of the solar chimneys. In addition, the influence
of various environmental conditions and geometric dimensions on the power of solar chimneys
was examined. The mathematical model has been used to predict the commercial performance of
commercial solar chimneys on a large scale. It turned out that the height of the chimney, the pressure
drop in the turbine, and the diameter of the chimney are of great importance [38]. Schlaich et al. [4]
developed a mathematical model that is based on equations of momentum and energy conservation in
solar chimney power plant. Zhou et al. [39] used a theoretical model to calculate the optimal chimney
height for maximum output power. Guo et al. [40], in their model, considered the hourly changeability
of solar radiation. It was shown that the output power increases almost linearly with the radius of
the collector when the collector is small, assuming the use of an identical chimney. As the radius of
the collector increases, this trend becomes slower. This process means that there is a limitation to the
maximum radius of the collector above which there is no further increase in the output power. In the
proposed analytical model of the solar chimney, Hamdan [41] obtained perfect compatibility with
other published experimental and theoretical works. The obtained results indicate that the diameter
of the collector and the diameter and height of the chimney and turbine are critical parameters for
the construction of a solar plant. Kasaein et al. [5] reviewed experimental and theoretical studies of
various solar collectors. They solved the system of equations for conservation of mass, momentum,
and energy with appropriate boundary conditions for turbulent flows based on many experimentally
determined parameters for air flowing through a chimney plant. While previous works show that the
flow conditions inside the solar chimney can be well described theoretically, there is still a shortage of
simple computational methods to be used in engineering practice, appropriate for each type of system,
regardless of the dimensions and construction parameters. Therefore, this paper proposes a simplified
method for solving the problem of air flow through the solar chimney. Again, this is based on the
equations covering the principles of conservation (momentum, mass, and energy), and also the general
solution of the problem using the theory of similarity. By using the original transformations of the
equations describing the air flow in the solar chimney, combined with several additional assumptions,
a system of equations was obtained, which allowed one to solve the problem analytically. This article
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is a continuation of the previous work [15]. Some of the theoretical considerations have been repeated
and refined. The theoretical model has been strengthened by taking into account the local resistance of
the air flow between the collector and the chimney. The work also included experimental research
conducted on the collector-chimney model, and the results of theoretical and experimental research
were compared. Experimental and theoretical studies have shown satisfactory consistency. For greater
clarity, the phenomenon studied was described using dimensionless numbers, such as the numbers
of Reynolds, Grashof, Galileo, Biot, and Prandtl. In the equations for dimensionless geometrical
parameters of the solar chimney, the ratio of the radius of the collector to its height, as well as the
height and radius of the chimney, were applied. Based on the original transformations and simplifying
assumptions, a system of equations was obtained that solved the problem analytically. A universal
procedure for solving a complex problem has been developed for use in engineering, for the design of
a solar chimney. The proposed method allows for an easy analysis of various solar collectors.

2. Theoretical Model of the Solar Chimney System

Theoretical model of the solar chimney system is shown in Figure 1.
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Figure 1. Solar chimney system.

The radius and height of the chimney are, respectively, represented by Rc and Hc. The distance
between the top and bottom plates of the solar collector is constant and equal to 2k, and the solar
collector radius is represented by R. The absorbed solar radiation by the air flow in the collector is
represented by g. The velocity and pressure of the air flow at the entrance of the solar collector are,
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respectively, represented by u;, and p,, where the velocity of the air in the chimney is constant and
equal to u.. The distributed temperature of the air inside the collector is represented by T.

2.1. The Analysis of the Air Flow in the Solar Collector

The incompressible flow of air (with a constant viscosity) inside the collector (see Figure 1), the
stationary Navier-Stokes equation and principle of the conversation of mass flux crossing cylindrical
surfaces have the forms [15]:

_18p_ ou, 10 8ur_& 2*u
2 972

r —
o or =u, > —v e r > + ]andurr = const, 1

where equation u,r = const results from the equation of conservation of mass.
After ignoring the small high-order parameters, the energy balance becomes

q-2m-r-dr=2m-r-dr-a(T—Ty) =-2h-p-cp-2m-d(r-u,-T), (2)

where g, ur, T, Tot, p, @, cp, and h represent the heat flux density and average radial velocity in the
gap of the collector for the laminar flow, density of air, temperature of air, ambient temperature, and
convective heat transfer coefficient between the ambient air and plate of the collector, the specific heat
of air, and the depth of the collector, respectively.

By applying the boundary conditions at the collector inlet, we get

p=ppu=1uyand T = Ty forr =R, 3)

The solutions to Equations (1) and (2) (in dimensionless form) in the collector can be expressed as
the dimensionless pressure drop and dimensionless distribution of temperature, respectively [15]:

61 N, 6 I\, = [ BiA o
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where the following dimensionless variables were introduced
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Equation (4) was obtained from the solution of Equations (1) and (2) for laminar flow between the
collector plates. _
G(E: 3,Bi = 0.005,Pr = 0.712, A = 2200, forn = 0.04.)

As seen from the theoretical analysis (see Figure 2), the pressure drop and air temperature depend
on the radial coordinates of the collector. As the Reynolds number increases, the air temperature in the
collector increases more slowly. However, the influence of the Reynolds number on the pressure drop
in the collector is negligible.
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Figure 2. Distribution of dimensionless pressure drop, I, and dimensionless temperature.

2.2. The Analysis of the Air Flow in the Solar Collector

For the chimney, the momentum equation of the flow of air inside the chimney (see Figure 1) in the
cylindrical coordinate system (r, z), with a vertical axis (z) directed upwards, can be written in the form

1 5}% 1 8 auc
0= —Eg -9+ V[;;(T’W)] (5)

In Equation (5), we neglect the free convection in the solar collector. The density in the chimney
describes the equation, and p. = p[1 — B(T, — T,t)] represents the density of air in the chimney, which
depends on the increase in temperature (T, — T,¢). We assume linear dependence of density on
temperature. The temperature T, in the chimney is constant, the coefficient of the thermal expansion
of air is represented by 8, g represents the gravitational acceleration, and v represents the kinematic
viscosity of air. p. and u, represent the pressure and velocity inside the chimney, respectively.

We apply the boundary conditions

forz =0,pc = pco and z = Hc, pc = pn, (6)
where the following correlations are used in the above equations:

pco = pco — Ap.pH = pp — pSH., ()

In the theoretical model, the local pressure (Ap) in the flowing air between the solar collector and
chimney is expressed as
—2
Pelle
My 8
2 ®)
where ¢ represents the factor for the local loss in pressure in the air flow from the collector to the
chimney, which results from the change of air flow direction and change of the channel cross-section

Ap=¢&

between collector and chimney.
The velocity and average velocity in the chimney from the solution to the momentum equation
(Equation (5)) are equal to

~ 2
Up = Cr [nGrQC - %HCO Re ](7% —72),
4Re(1 _o! m
Ga (9)
= 1 1~ Re?
uc == ﬂGT@C HCO 1 VC
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The dimensionless pressure drop, I1cp, at the beginning of the chimney is equal to

where I1cp represents the pressure drop calculated in the collector for 7 = 7.

The velocity in the chimney, pressure drop at the beginning of the chimney, Reynolds number,
Galileo number, Grashof number, and geometric parameter for the solar chimney can be presented in
their dimensionless forms, respectively, as:

_ 2 _ - h R3 T R3 H,
uc=u—f;Hco=(}7b—fC());Re:”i;Gu=g—z,Gr=gﬁ—0t,‘m= 3
Uiy puin v V

V2 R’
The condition for the air flow in the chimney is calculated with Equation (9):

TeoRe?
G76C>Le

10
o (10)
From Equations (4) and (9), we achieve the coupled system below in Equation (11).
~  Reé?
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Using the functions in the coupled system (Equation (11)), 6.(Re), and ﬁco(Re) enable us to
calculate the Reynolds number (Re) from the following equation:

177 Re?
nGrGC - jncoﬁ
Re

f(Re)

32n

== 0. (12)
Cc

The Reynolds number (Re) obtained from Equation (12) makes it possible to calculate the pressure

drop Ilco at the beginning of the chimney and the dimensionless temperature parameter 6, in
the chimney.

To =26 °C,h = 0.04m,R = 1m,Rc = 0.05m,§ = 800 W/m?, & = 10 W/ (m?K)

For example, in Figure 3, the calculation of the Reynolds number was performed for the sample
solar chimney system. Subsequently, the dimensionless parameters, Ilco and 0., were calculated.
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Figure 3. Example of the dependence of the function f(Re) on the Reynolds number (Re) for.
Table 1 and Figure 4 display the air velocity u. and the air temperature T¢ in the chimney.

Table 1. The air parameters in the chimney for To =26 °C,h =0.1m, R =10m, Rc = 0.2 m, 4 = 800 W/m?2,
a = 10 W/(m?K).

Hc,m Pp—Pcor Pa ;,C, m/s Tc, °C
5 2.39 3.75 106
10 4.65 5.23 105
15 6.59 6.23 104
20 8.85 7.22 103
30 12.40 8.55 100
40 17.65 10.20 97
50 20.15 10.91 96
100 37.64 14.92 88
., m/s* AT, °C
16 160
— /
—
Uc
12 120
T.
———
8 80
e
4 ,/ 40
0 >
0 20 40 60 80 100 H., m

Figure 4. Dependence of air temperature (Tc) and velocity (uc) on the height of the chimney (Hc) for
To=26°C,h=0.1m,R=10m, Rc=0.2m, § =800 W/m?, @ = 10 W/(m?K).

The theoretical analysis on the turbulent flow of air is more challenging. In this case, the velocities
of the air flows in the collector channel and chimney may be different. The theoretical model of air
flow should be modified. Figure 4 presents the relationships of the height of the chimney with both the
temperature (calculated according to Equation (4)) and velocity of the air inside the chimney (calculated
according to Equation (9)). An increase in the chimney height causes an increase in air velocity and a
decrease in air temperature. The increase in heat flux density increases both the temperature and air

velocity in the chimney (see [15]).
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Figure 5 shows the dependence of the energy efficiency of the solar chimney to the chimney height.
Energy efficiency is the ratio of energy received to the energy supplied to the system. The energy
obtained is the sum of the kinetic energy of the air and the increase in the enthalpy of the air. As shown
in Figure 5, the energy efficiency of the solar chimney increases as the chimney height increases.

Y

Ny

/

0.1

0 >
0 20 40 60 80 100 120 H., m

Figure 5. Energy efficiency 1 of the solar chimney as a function of chimney height, for 4 = 800 W/m?,
R=10m, Rc=0.2 m.

Designing the solar chimney based on the proposed theoretical flow characteristics allows one
to easily determine the energy efficiency of the chimney. Particularly noteworthy is the possibility
of optimizing the chimney height with the goal of maximizing its efficiency, while maintaining
construction costs at an acceptable level. In this way, the profitability of the installation plant can be
significantly improved.

3. Experimental Investigation

Figure 6 shows the experimental model of the solar chimney, which consists of two low cylindrical
collectors and a vertical, thermally insulated pipe placed in the middle of the plate.

The solar collector consists of two horizontal, flat disks forming an air gap spaced from each other.
The diameter of the upper metal plate is 2000 mm, and the width of the air gap is 80 mm. In the middle
of the board there is a vertical, thermally insulated pipe with an inner diameter of 100 mm and a height
of 2500 mm.

Collector heating combined with the effect of a thermal chimney forces the airflow in the chimney.
The velocity was measured using a paddle anemometer and Pitot tube. The Testo 417 anemometer
was used for the measurements, which allows quick and precise measurements of air velocity from the
chimney. The accuracy of the measurements was +0.1m/s.

The results of the air velocity were measured with the paddle anemometer, which was mounted
above the chimney. Then, the results of measurements were compared with the measurements using
a Pitot tube, which was mounted on 2/3 of the chimney height, as shown in Figure 6. Moreover,
the pressure drop at the collector’s connection to the vertical pipe was measured using a differential
inclined-tube manometer. The solar radiation flux was measured using a pyranometer located at a
nearby meteorological station. The results of the measurements are presented in Table 2 and Figure 7.



Energies 2019, 12, 2060 90of 13
chimney anemometer Testo-417
thermometer |:Z;
insulation
Pitot tube
\ ;
.
RIF
! &Q
© 100
differential inclined-tube
manometer 1 thermal radiation from
T the Sun or radiator
thermometer ¥ < Y
y | metal plate air gi ”
X L L m
1243
L» — < <—/
® 2000
\4 P
Figure 6. Experimental setup to validate the theoretical approach. Measured in mm.
Table 2. Results of experimental measurements.

No 1 22 3 4 5 6 7 8 9 10 11 12 13 14 15 16
rﬂW/mZ} 145 150 400 550 600 610 680 710 715 730 790 800 800 840 845 920
V[m3/h] 198 212 198 252 172 170 223 212 209 209 283 283 311 283 254 198
uc[m/s] 070 075 070 089 061 060 079 075 074 074 1.00 1.00 1.10 1.00 090 0.70

ug, mfst Au,, m/s
1.4 0.08
1.2 0.06
0.8 c e — 0.04

° @ °
uin ‘
0.4 " 0.02
™
/,
0 >
0 200 400 600 800 1000 ¢, W/m’

Figure 7. Comparison between the experimental and theoretical results.
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Figure 7 presents a comparison of the results between theoretical studies (solid line) and
experimental research (points) for the air velocity in the chimney, depending on the heat flux.

The results obtained in the analytical and experimental studies of the air velocity in the chimney
are consistent and can be considered satisfactory. The scattering of results was mainly caused by
disturbances caused by wind action between the collector plates on its perimeter. In this zone, the air
flow velocities were very small (approximately 0.02m/s), which was consistent with the theoretical
model, and was, therefore, very sensitive to external gusts, which affected the operation of the solar
chimney system.

4. Conclusions

In this work, the obtained results of the experimental investigation and the theoretical considerations
are satisfactory. The presented method is particularly suitable for laminar flow conditions in a collector (for
relatively small systems, not for electricity generation). Under turbulent flow conditions (for larger systems
with higher internal 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 first. The approximated results are
sufficient for the purpose of a design evaluation of solar collector—chimney systems. The considerations
observe both the first and second principles of thermodynamics.

The paper presents the dependence of the energy efficiency of the solar collector system to the
height of the chimney. It was shown that the energy efficiency of the solar collector system increases as
the chimney height increases.

The presented modelling allows one to mimic very small systems, which is a foundation for future
work to look into larger systems, up to the size of power plants.
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Visualization, Z.L., M.G.; Supervision, Z.L., TK.

Funding: This research received no external funding.
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Nomenclature
Cp specific heat at a constant air pressure, ] kg’1 K
g gravitational acceleration, m s2;
H. chimney height, m;
2h collector height, m;
ratio, = Hc/R;
n ratio, = h/R;
pressure, Pa;
Po barometric pressure, Pa;
Peo inlet pressure in the chimney, Pa;
q heat flux density, W m~2;
R radius of the collector, m;
R radius of the chimney, m;
Tot ambient temperature, °C;
T temperature of air in the collector, °C;
T, temperature of air in the chimney, °C;
Uc velocity in the chimney, m s71;
Uy velocity input into the collector, m L
z,7 cylindrical coordinates, m;

a convective heat transfer coefficient, W m™2K"!;
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A heat conductivity of air, W m 1K1 ;

As heat conductivity of the plate collector, W I

& local factor for pressure loss,

% kinematic viscosity of air, m?s™;

p density of air, kg m~3;

U, dimensionless velocity in the chimney;

Te dimensionless radius in the chimney;

T dimensionless radius in the collector;

; dimensionless heat flux density;

IT dimensionless pressure;

0 dimensionless temperature;

Bi Biot number;

Ga Galileo number;

Gr Grashof number;

Pr Prandtl number;

Re Reynolds number.
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