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The greenhouse effect in the solar collector has a fundamental role to produce the upward buoyancy
force in solar chimney power plant systems. This study underlines the importance of the greenhouse
effect on the buoyancy-driven flow and heat transfer characteristics through the system. For this pur-
pose, a three-dimensional unsteady model with the RNG k—e turbulence closure was developed, using
computational fluid dynamics techniques. In this model, to solve the radiative transfer equation the
discrete ordinates (DO) radiation model was implemented, using a two-band radiation model. To
simulate radiation effects from the sun’s rays, the solar ray tracing algorithm was coupled to the
calculation via a source term in the energy equation. Simulations were carried out for a system with the
geometry parameters of the Manzanares power plant. The effects of the solar insolation and pressure
drop across the turbine on the flow and heat transfer of the system were considered. Based on the
numerical results, temperature profile of the ground surface, thermal collector efficiency and power
output were calculated and the results were validated by comparing with experimental data of this
prototype power plant. Furthermore, enthalpy rise through the collector and energy loss from the
chimney outlet between 1-band and two-band radiation model were compared. The analysis showed
that simulating the greenhouse effect has an important role to accurately predict the characteristics of

Keywords:

Solar chimney power plant
Computational fluid dynamics
Greenhouse effect

Heat transfer modeling

the flow and heat transfer in solar chimney power plant systems.
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1. Introduction

Solar thermal power systems utilize the heat generated by a
solar collector to convert the solar energy into electrical power. A
solar chimney power plant (SCPP) converts solar energy into elec-
trical energy by a combination of four main parts, the collector, the
chimney, wind turbine and energy storage media. The air inside the
collector is heated by the greenhouse effect. Therefore, a contin-
uous updraft in the chimney is produced by the upward buoyancy
force. The airflow at the base of the chimney runs a pressure-staged
wind turbine. Finally, mechanical energy is converted into electrical
energy by using a conventional generator. A schematic of the SCPP
is shown in Fig. 1.

The basic principles and reported preliminary test results for a
prototype SCPP built in Manzanares, Spain, were presented in
Refs. [1-3]. By introducing the SCPP concept, several studies
including fluid dynamic and thermal models to simulate the SCPP
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have been done increasingly. In Refs. [4—10], various one-
dimensional mathematical models based on thermal equilibrium
to analyze the performance of the SCPP were presented. In general,
one-dimensional mathematical models cannot provide detailed
distributions of the velocity, temperature and pressure inside
whole the system. Hence, several numerical simulations to solve a
coupled set of conservation equations of mass, momentum and
energy based on computational fluid dynamics (CFD) solution have
been carried out. Bernardes et al. [11] presented a CFD solution for
Navier—Stokes and energy equations in an SCPP for the natural
laminar convection in steady state using finite volumes method.
Pastohr et al. [12] carried out a two-dimensional steady state nu-
merical analysis on the whole solar chimney systems including the
collector, chimney, energy storage layer, and turbine using CFD. The
conservation equations for mass, momentum and energy were
solved in a small-scale SCPP using the finite volume method by
Koonsrisuk and Chitsomboon [13]. Ming et al. [14] presented nu-
merical simulations of the airflow and the characteristics of heat
transfer in the SCPP with an energy storage layer including the
effect of solar radiation on heat storage on the ground. Ming et al.
[15] performed steady state numerical simulations on the SCPP
coupled with turbine using the Manzanares prototype plant as a
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Fig. 1. A schematic of the solar chimney power plant system.

practical example. Chergui et al. [16] solved the mathematical
model represented by the Navier—Stokes equations in steady state,
continuity and energy equations for a natural laminar convective
heat transfer, through an axis symmetric system in a dimensionless
form. Numerical simulations were performed by Xu et al. [17] to
analyze the influences of solar radiation and pressure drop across
the turbine on the steady state flow and heat transfer, power output
and energy loss of an SCPP similar to the Manzanares prototype
plant. Sangi et al. [ 18] presented a numerical analysis using the CFD
method to simulate a steady state two-dimensional axis symmetric
model of an SCPP for different solar radiations.

In the above CFD investigations, the effects of solar and thermal
radiations were considered by setting imposing boundary condi-
tions at the physical boundaries of the collector such as a heat
source for the ground thin layer, a uniform heat source within the
air, specific wall temperatures or heat fluxes. In spite of good re-
sults, in order to induce buoyancy-driven flow the temperatures or
the fluxes inside the computational domain should normally be
inferred from convective and radiative balances along the physical
boundaries. Also, only a few CFD simulations have been carried out
by solving the radiative transfer equation coupled to the convective
transfer equation. In addition, the optical properties of the semi-
transparent collector cover (e.g. glass) vary for different wave-
length bands. The literature review indicates that none of the
previous studies have been distinguished the interchange of short
and long wavelength contributions of solar radiation and radiation
emitted by the ground in the collector. Furthermore, the assump-
tion of a steady state solution is not sufficient to correctly obtain the
heat storage inside the ground. Therefore, it is necessary to solve
the energy equation inside the ground, using an unsteady solution.

The objective of this study is to accurately analyze the SCPP
system by simulating the greenhouse effect inside the collector. For
this purpose, a three-dimensional unsteady CFD model is devel-
oped. It is based on the solution of the Navier—Stokes equation for
turbulent flow using the RNG k—e model. The convective and
radiative transfer equations are simultaneously solved. The discrete
ordinates (DO) radiation model is used, in which the non-gray ra-
diation model is implemented using a two-band radiation for
visible and infrared bands. Solar radiation reaches on the semi-
transparent collector cover as an irradiation beam from outside

the computational domain that is simulated using the solar ray
tracing algorithm. Based on the numerical results, velocity and
temperature distributions of an SCPP by the geometry parameters
of the Manzanares power plant are considered. Also, enthalpy rise
through the collector and energy loss from the chimney outlet for
1-band and two-band radiation model are compared. In addition,
temperature profile of the ground surface and thermal collector
efficiency of Manzanares prototype are calculated.

2. Mathematical modeling
2.1. Natural convection and buoyancy-driven flow

When heat is added to a fluid and the fluid density varies with
temperature, a flow can be induced due to the force of gravity
acting on the density variations. Such buoyancy-driven flows are
termed natural-convection flows. In natural convection, the
strength of the buoyancy-induced flow is measured by the Rayleigh
number as follows:

_ gBATL3p
=
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where AT and L are the maximum temperature difference of the
airflow in the system and mean collector height. Rayleigh numbers
less than 10® indicate a buoyancy-induced laminar flow, with
transition to turbulence occurring over the range of 10% < Ra < 10'°.

In a natural convection model inside a closed domain, the so-
lution will depend on the mass inside the domain. Since this mass
will not be known unless the density is known, in this work to
model the flow a transient calculation is performed. In this
approach, using the ideal gas law the initial density will be
computed from the initial pressure and temperature, so the initial
mass is known. As the solution progresses over time, this mass will
be properly conserved.

The conservation equations for mass and momentum in an in-
ertial reference frame can be described as follows [19]:

Continuity equation:
op
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Momentum equation:
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Modeling turbulence:

The analysis simulated in this paper shows that the Rayleigh
number in the system at all simulations is high (Ra > 10'°) and
therefore, flow through the solar chimney system is associated with
turbulent flow. In order to simulate the turbulent flow the RNG k—e
model [19] is used. In this model, the turbulence kinetic energy, k,
and its rate of dissipation, ¢, are obtained from the following
transport equations, respectively:
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