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Abstract. When constructing solar aerobaric power plants, it is necessary to develop effective ways to accelerate
convective flows initiated by the action of a high-temperature working fluid heated due to the concentration of
solar radiation, accumulation of dissipated heat losses and the use of the greenhouse effect. As an option for
organizing the flow in the aerodynamic module of the solar aerobaric power plants, article considered a diagram
of the cyclotron acceleration of the flow during horizontal and vertical transfer of convective air currents formed
in cells containing alternately located cold and hot side boundaries and differently heated upper and lower bases.
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INTRODUCTION

Traditional renewable energy technologies include
direct photovoltaic converters of electrical energy
[1]. Also, it is known the usage of the parabolic
mirrors which concentate solar rays and heat a
high-temperature coolant. The energy of this
coolant is directed to Stirling engines [2].

Figure 1. Scheme of generating artificial wind
in the ‘Solar Chimney’ power plant. I- solar
radiation; 2- solar collector; 3- draft pipe;
4- turbine with an electric generator.

Wind turbines use natural wind flows without any
modernization. In solar aerobaric power plants
(SABPP) of the Solar Chimney type shown in Fig.
1, the artificially generated air flow is created due
to the ascending convection of air heated in a solar
greenhouse (collector) [3]. The technology for
solar energy converting to electricity through the
energy of artificial wind is less known in world
practice than semiconductor and wind power
plants or geothermal plants with a steam-gas
thermodynamic cycle. However, in recent years,
more and more works have appeared related to the
study of issues of increasing the efficiency of this
type of power plants [4] - [6]. These works also
include the assessment of the effectiveness of such
power plants' combined use not only for
generating electricity, but also for obtaining fresh
water [7], and for the removal of man-made
pollution from the air of large cities [8], [9]. At
SABPP of the “Solar Chimney” type, air heating

and heat accumulation is carried out in a solar
collector (greenhouse), which is formed by a
horizontal soil surface and a translucent roof (Fig.
1). A draft tube is installed along the central axis
of the greenhouse, where a turbine generator is
placed, which converts the energy of convective
movements of heated air into electrical energy.
The main amount of thermal energy released by
the infrared component of solar radiation goes into
the atmosphere above the draft tube through the
inner cavity of it and the turbine. The
accumulation of thermal energy for the night
period is carried out, in particular, due to the
installation of containers with water on the surface
of the solar collector.

The physical foundations of the conversion of
solar energy in this case are as follows. The
temperature difference between the air mass at
the base and at the top of the pipe creates a
steady-state convective air flow velocity. The
magnitude of this speed is determined by the
internal resistance of the air outlet duct, the main
value of which falls on a turbine with a coupled
electric generator. The inclination of the turbine
blades during the axial flow of the stream, its
friction against the surface of the blades and the
generator load determine the air resistance of the
turbine mainly. The flow rate in the pipe is
constant during axial vertical movement of air
masses due to the continuity of the flow. The
temperature can also be considered practically
the same throughout the movement of air in the
pipe with low heat losses. As a result, the main
amount of heat energy is released through the
turbine into the atmosphere.

An analysis of such structures using solar energy
with transformation into a laminar-convective flow
of ascending air flows indicates a relatively low
value of the coefficient of utilization of solar
radiation energy entering the collector territory
[10], [11]. This is due to the fact that the process of
converting the energy of radiant heating of the
greenhouse air environment into the energy of
streams is carried out in the Solar Chimney
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structures only within the framework of vertical
convection, without using the energy formed
during horizontal advection. This is the basis of all
known to date '"greenhouse" solar energy
complexes. Therefore, in the estimates of the solar
energy conversion coefficient, it is necessary to
state the relatively low efficiency of generating of
artificial wind, which is a source of electricity [12].

FORMULATION OF THE PROBLEM AND
METHODS FOR INVESTIGATION

Among the possible decisions that can ensure an
increase in the efficiency of energy generation
of currents excited by solar heating, the most
important is to transform air flow into a
controlled tornado rotating the turbine [13],
[14]. With an appropriate trajectory, such a flow
will contain two components of motion and
velocity - axial (vertical) and tangential
(rotation in a plane perpendicular to the pipe
axis). A feature of an artificial tornado should
also be local vortices in the form of a system of

high-speed rotating air vortex bundles filling the
cross-section of the flow in the pipe before
entering the turbine. These vortices cause the
hydrodynamic instability of turbulent flow in
the pipe and collector and can significantly
increase the energy of the process and the
efficiency of converting thermal energy into
useful energy generated by the turbine [15].

One of the tasks in the construction of solar
aerobaric power plants is the development of
effective ways to accelerate convective flows
initiated by the action of a high-temperature
working fluid heated due to the concentration of
solar radiation, the accumulation of dissipated
heat losses and the use of the greenhouse effect.
As an option for organizing the flow in the
aerodynamic module SABPP, we further
consider the scheme of cyclotron acceleration of
the flow during horizontal and vertical transfer
of convective air streams formed in cells
containing alternately located cold and hot side
boundaries and differently heated upper and
lower bases. Fig. 2 shows a diagram of such a
method for accelerating a convective flow.
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Figure 2. Scheme of the acceleration of the convective flow during the passage of air masses
swirling with an angular velocity o through the cells with alternately heated and cooled side walls.
The wind flow entering the cells has a velocityV,(V.,V,,U). The heat flux entering the channel from

the lower boundary equals Q, the temperature of the lower boundary is T, the upper boundary is

T,. The cold side walls of the convective cells of the module have a temperature t,,,,, the hot side

boundaries are t,;, the numbers of the cells are i=0,1,2...n.
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The following system of differential equations

swirling flow arising in the annular channel of

[12] was wused for the model theoretical the aerodynamic module SABPP.
calculation of the parameters of the convectively
2
Doy, e L, T (T 5 2078, -1,0), m
o 'ox,  p,0x,  Ox0x, T,
or . oT o°T
— ¥, —= , (2
ot ox; Ox;0x;
ov,
—L=0. 3
o 3)

Here Ui is component of velocity vector
(1,)=1,2,3); @ is angular swirling of vortex at the
periphery of the system; T is an internal
temperature; 7 is an external temperature; P is

a pressure; po is an air density under normal
conditions; v and A are viscosity and thermal
conductivity factors respectively; o, is
Kronecker delta. The density depends on the
temperature as follows (4):

p(T)=[1-pB(T~T,)]. 4)

In this equation, the properties of the medium
were characterized by the coefficient of thermal

expansion: #=—1/p, (6p/3T).

The boundary conditions of the problem were
formulated as follows:

1) The heat flux between the lower and upper
boundaries, respectively heated to temperatures

T, and 7;, was taken equal to
Q=—-c,pA0(T,-T)/0X,, where ¢, is heat
capacity of air.

2) a wind velocity flow V, was introduced into

the system of cells at an angle a to the
horizon through the lower surface of the
module.

3) At the lateral odd boundaries of the cells of

the energy-dynamic channel, temperatures 7,,,,

64

were set that were lower in absolute value with
respect to the temperatures 7, of the lateral even

sides of the numbered cells i =0,1,2...nn.

At the initial moment of time, the movement
in the system was assumed to be absent, and

the temperatures outside 7, and inside T were

known.

An additional rotation with an angular
velocity @ was imparted to the air flow in the
system of cells. The momentum exchange
coefficients were determined according to the
well-known Kolmogorov relation obtained
from the averaged equation of the balance of
turbulent energy.

The problem has been solved numerically
using the MATLAB software, which is a
fourth-generation high-level programming
language and an interactive environment for
numerical calculations, visualization and
programming. The calculation was carried out
for an aerodynamic channel with a length of
10 m, a height of 2.0 m, an outer radius of 2.0
m and an inner radius of 1.0 m. The system of
equations (1) - (3) was transformed to a
dimensionless form. All values were
normalized to the scale of length H,

temperature —\/%, speed -/gH , time - /ﬁ
g
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Numerical analysis was performed using the Table 1 presents the main parameters of the
finite difference method. problem, which remained unchanged in
numerical calculations.

Table 1. The main parameters of the problem.

Parameter Designation Value
Vertical dimension H 2m
Horizontal dimension L 10 m
Channel outer radius R 2,0m
Internal radius of the channel r 1,0 m
Dimensionless vertical step Az 0.0625
Dimensionless horizontal step Ax 0.052
Dimensionless time step At 1
Peripheral vorticity ® 0.05s!
Air density P 1,29 kg/m?
Heat capacity of air Co 1007 J//kg degree
Number of time steps N 1000

In the first series of calculations, the conditions conditions of the first series of numerical
for the formation of a flow through the cells in  experiment.
18 hours were analyzed. Table 2 shows the

Table 2. Initial conditions of the problem (the first series of numerical calculations).

Parameter Value
t11 20°C
t12 80°C
t13 18°C
t14 100°C
t15 16°C
t16 120°C
Q 500 W /m?
To 100 °C
T 20°C
T 40°C
T, 20°C
30°
Vo Sm/s
n 5

The numerical calculation grid includes the 16 and the number of points along the
number of points along the X3 axis equal to N = horizontal axis M = 96. The dimensionless step
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of dimensions in the vertical direction was
designated Az and Ax horizontally. The
dimensionless time step was denoted as. The
total number of time steps A7, varied depending

on the specific conditions of the problem.

NUMERICAL SIMULATION RESULTS

Fig. 3 shows the distribution of the temperature
established over time inside the channel along
the flow.
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Figure 3. The temperature distribution in the cells convective SABPP aerodynamic channel in
the first series of numerical experiment

Speed change along the direction of horizontal
convective transport is given in Fig. 4. The
figure shows that the steady-flow mode exiting
aerodynamic cellular module completed through

13 V*
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almost 5 hours after start heating. Subsequently
the flow rate, which is formed at the outlet of
the module, remains unchanged.
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Figure 4. Numerical experiment data (series 1). The speed was normalized to a value in the
incoming wind flow module
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The transfer rate of air masses noticeably cells between cold and hot walls. For example,
increases when they move through convective see Fig. 5.
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Figure 5. Change in flow rate when moving through alternately heated and cooled convective cells.
The numerical calculation data refer to the moment 26 minutes after the heating is turned on

Fig. 6 illustrates the nature of air movement with counterclockwise rotation. Near the heated
between the cells. It shows streamlines. At the wall, the circulation movement changes
cold wall, circulation occurs in a vertical plane direction (Fig. 6).
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Figure 6. Streamline pattern in a vertical section of an aerodynamic module with alternately heated
and cooled side walls. The values given on the isolines correspond to the circulation of the speed,
expressed in normalized units, referred to the value of the circulation of the wind speed at the
radius of the channel

Volume 18, Issue 1, 2022 67



Alexander A. Soloviev, Dmitry A. Soloviev, Liubov A. Shilova

An essential sign of a circulating increase in
velocity in an aerodynamic channel with
convective cells is the acceleration of the flow.

This is evidenced by the calculation results
shown in Fig. 7.
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Figure 7. Change in the flow acceleration along the path of air movement through the convective
cells of the aerodynamic module

It is accelerated in odd cells, in which the
transfer movement of air masses goes in the
direction from the cold side wall of the channel
to the hot one. Moreover, as the cell number
grows, the acceleration value increases.
According to the calculation results for the
conditions of series 1 of the numerical
experiment (see Table 1), the change in
acceleration a in odd cells (i =0,1,2....n) of the

SABPP aerodynamic channel separated by hot
and cold partitions is determined by the
following relation
a=0,303-(2i+1)—-0,163 (5)
If the number of cells in the channel is 8, then

the flow acceleration will reach a value equal to
2.6 m/ s? in the last section.

68

In cells, where convective flow is transferred
from a hot wall to a cold one, the air movement
downstream slows down. However, in general,
the tendency to accelerate the flow in the
direction of convective transfer prevails over
deceleration. The empirical trend formula for
calculating the acceleration a (m / s?) in the
channel with the outer radius R (m) is as
follows:

a=0,094-R—-0,0355 (6)
From the relation (6), it follows that with the
outer radius of the aerodynamic channel with
the height H = 2m and the outer radius R less

than 0.37 m, the flow will practically slow
down.
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CONCLUSIONS

Numerical modeling of the approach for
acceleration of convective flows initiated by solar
heating of air masses in the aerodynamic module
of helioaerobaric power plants with horizontal and
vertical transfer of convective air streams formed
in cells containing alternately located cold and hot
side boundaries and differently heated upper and
lower bases has been carried out. An analysis of
several series of numerical experiments was
carried out. This shown the optimal conditions for
the intensification formed in the flow cells with a
decreasing and increasing temperature difference
between the walls along the flow were
determined.

According to the results of experiments, it can be
concluded for the studied heating and cooling
options that the proposed method for intensifying
flows in the SABPP aerodynamic module divided
into differently heated and side walls allows to
increase the speed of the forming current an order
in relation to the natural wind speed and obtain a
cyclotron flow acceleration of the order of 2.6
m/s?. The variant of the aerodynamic module
SABPP with a multicellular structure of heating
and a convective flow passing through it can be
recommended for practical implementation.
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