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Abstract: A new type of solar tower was developed through laboratory experiments and numerical
analyses. The solar tower mainly consists of three components. The transparent collector area is an
aboveground glass roof, with increasing height toward the center. Attached to the center of the inside
of the collector is a vertical tower within which a wind turbine is mounted at the lower entry to the
tower. When solar radiation heats the ground through the glass roof, ascending warm air is guided
to the center and into the tower. A solar tower that can generate electricity using a simple structure
that enables easy and less costly maintenance has considerable advantages. However, conversion
efficiency from sunshine energy to mechanical turbine energy is very low. Aiming to improve this
efficiency, the research project developed a diffuser-type tower instead of a cylindrical tower, and
investigated a suitable diffuser shape for practical use. After changing the tower height and diffuser
open angle, with a temperature difference between the ambient air aloft and within the collector,
various diffuser tower shapes were tested by laboratory experiments and numerical analyses. As a
result, it was found that a diffuser tower with a semi-open angle of 4° is an optimal shape, producing
the fastest updraft at each temperature difference in both the laboratory experiments and numerical
analyses. The relationships between thermal updraft speed and temperature difference and/or tower
height were confirmed. It was found that the thermal updraft velocity is proportional to the square
root of the tower height and/or temperature difference.

Keywords: solar tower; diffuser; thermal updraft; laboratory experiment; computational fluid
dynamics (CFD)

1. Introduction

A unique system for wind generation known as the solar chimney or solar tower has been
proposed by Schlaich [1]. This system uses a basic principle of physics, the fact that hot air rises,
to generate wind. The configuration of the solar chimney consists of a transparent solar thermal
collector, high-rise cylindrical tower, and a wind turbine installed inside the bottom of the tower.
The transparent solar collector heats the air between the collector and ground, causing a greenhouse
effect. This induces a thermal updraft within the cylindrical tower placed at the center of the solar
collector. This updraft turns a wind turbine at the base of the tower to produce electricity (Figure 1).

A 100-kW prototype system was verified and operated in Manzanares, Spain, from 1982 to
1989 [1-6]. This prototype successfully achieved 50 kW of power. The verification test of the prototype
showed that the updraft generated from solar thermal energy is sufficient for power generation
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during both daylight and nighttime, as long as the residual heat accumulated during daylight hours is
adequate to generate the updraft. Of 3157 h of generation time, 3067 exceeded 150 W /m? radiation
levels, showing that intermittency of the updraft is minimal during hours with sufficient solar radiation.
The disclosed data of the prototype suggests that the solar chimney can be used to generate wind for
stable continuous power generation during daylight hours.

Thermal updraft

Tower

Solar insolation Collector

Turbine

e = I S—

Figure 1. Power generation mechanism of a solar tower.

Nonetheless, Trieb [7] summarized disadvantages of the solar chimney in comparison to
analogous solar energy power generation systems, as follows: (1) very low solar-to-electricity
conversion efficiency; (2) very tall chimneys necessary for high power output; (3) large, completely
flat areas required for the collector; (4) large material requirement for the chimney and collector;
(5) restricted full-load hours; (6) hybridization not being possible. These disadvantages were well
known at the time of publication, but were tolerated because of the simplicity and extremely low cost
of construction and operation.

Since the pilot plant in Manzanares, Spain was completed, further development worldwide
has been minimal, although scientific technical studies have been carried out [8-21]. However, the
Manzanares solar tower still has the potential to play a role in future renewable energy. Recently,
with priorities such as non-nuclear power generation and CO, reduction, renewable energy sources
have been attracting attention in the search for energy security. Consequently, other renewable energy
sources, such as wind-generated electricity (where there is adequate wind) and solar cells (where
there is adequate sunshine), are generally recognized as the most promising options. Fundamental
experiments on how much power is generated, depending on size of the basic component of the solar
tower, have not been fully performed (power generation expectation and optimization study [11-25]).
Few reports have discussed the tower shape regarding a diffuser type [13,14] and hardly any research
has discussed the effect of crosswind around a solar chimney [17,18,25].

If the performance in power generation can be improved in some fashion, the solar tower may
become competitive with other renewable energy systems. In the present study, an example of
optimizing tower shape is shown in terms of its fluid dynamic characteristics, to improve its power
generation efficiency. In a trial to increase power generation, a diffuser shape was used as the first
step in optimizing the tower. An experiment was performed to compare the updraft wind speed
flowing through a diffuser-shaped tower with a typical cylindrical tower [22]. The next experiment
was conducted with a larger-scale model to confirm that the results complied with the scaling law.
This demonstrated that when upsizing, the scaling law remained valid [23].

Using the large model in the laboratory experiment, the present research investigated the optimum
shape of a diffuser tower. The optimum diffuser open angle and relationships between thermal updraft
speed and tower height or temperature difference were investigated. Specifically, using a tower
model 2 m in height, the updraft performance of a diffuser tower model with 0° (cylindrical model)
to 6° semi-open angle was studied. Updraft speed for diffuser towers of 1.0-2.6 m height was also
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investigated. The results show that a diffuser model with a 4° semi-open angle is optimum for a solar
tower in the present experiment, and the updraft speed is proportional to the square root of tower
height or the temperature difference between the inside collector and ambient air aloft, following the
theory discussed in Section 2.

Furthermore, as an alternative method to supplement the experimental results for generating
wind in a laboratory room, computational fluid dynamics (CFD) analysis was done for the flow field
surrounding indoor-scale models. The augmented ratio of the updraft speed of the diffuser-type tower
compared with the cylindrical-type tower, effects of the semi-open angle, and height of the diffuser
models are discussed using the experimental results, along with the expected updraft speed and power
output estimation of the large-scale structure using dynamic similitude of the flow field.

2. Dynamic Similitude of Flow Field for Thermal Updraft Generation

The flow field in this research on thermal updrafts is induced by the temperature difference
between the heated ground and ambient air aloft. The ambient wind surrounding the structure that
affects the updraft inside the tower is neglected. Therefore, the flow field is naturally convection-driven
by the temperature difference between the heated ground and ambient air aloft. In a natural-convection
flow field, the governing equations are those of continuity, momentum and energy, under the
Boussinesq approximation as follows. Here, u;, velocity components; P, pressure; 6, temperature; x;,
three-dimensional components; i and j, three-dimensional components of Cartesian coordinate system
(i=1,2,3,j=1,2,3).
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Dynamic similitude of the flow field holds when the non-dimensional parameter in the governing
equations of that flow field is equivalent across scales. In a natural-convection flow field, there are three
non-dimensional parameters (the Reynolds Re, Richardson Ri, and Prandtl Pr numbers). However,
these parameters are seldom the same for two different geometric scales. In a natural-convection flow
field, the buoyancy term in the equation of momentum governs the flow field dynamic; therefore, the
Richardson number becomes the representative non-dimensional parameter of the flow field. Here,
the Prandtl number is 0.7 for the air. It is assumed that the Reynolds number effect is small. The
relationship of characteristic velocity and length between the two scales is shown in Equation (4).
Furthermore, when the characteristic temperature is equivalent between the two scales, the speed
of the large-scale structure can be estimated by the product of the speed of the small-scale model
and square root of the length ratio, as shown by Equation (5). Here, g, gravity acceleration; / and L,
characteristic lengths; w and W, characteristic speeds, updraft speeds in vertical (z) direction; x, v,
and z, streamwise, spanwise and vertical directions; § and ©, temperatures; A0 and A®, temperature
differences (= heated air temperature near ground in collector ®,—ambient air temperature ©1); © is
the representative ambient air temperature.
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3. Previous Laboratory Experiments

3.1. Laboratory Experiment Using a Mini-Model with a 0.4-m Tower Height—1st Step

Preliminary laboratory experiments were conducted on mini-models of a solar tower [22].
The mini-models consisted of cylindrical and diffuser models with a 0.66-m radius collector and a
tower 0.4-m high. The diameter of the throat of the diffuser-type tower was designed so that it was the
same as that of the cylindrical-type tower. The height of both towers was 6.66D. The diffuser-type tower
had a 4° open area ratio. This open ratio was established as the initial study to avoid flow separation
inside the tower, while still having a diffuser effect. Model dimensions are shown in Figure 2. In this
laboratory experiment, the flow field is naturally convection-driven by the temperature difference A®
between flow temperature ®, from the controlled floor surface temperature at the bottom of the tower
and ambient temperature @1 (A® = @, — ©;). The latter is defined as the temperature surrounding the
tower exit. Figure 3 shows experimental results from measuring the updraft speed. In the cylindrical
tower, the speed at 70 mm above the heated floor is 0.55 m/s. In the diffuser tower, the speed at the
same point is higher (0.77 m/s) for a A® of ~20 K. The laboratory experiment shows that the proposed
diffuser-type tower with a 4° open ratio induces a speed approximately 1.38 to 1.44 times greater than
the conventional cylindrical type.

6.66D
6.66D

0.66D

L

Y e
®11D ®11D

(a) (b)

Figure 2. (a) Cylindrical type tower; (b) Diffuser type tower.
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Figure 3. Thermal updraft speed w (m/s) with height z (mm) for temperature difference A® of ~20 K.

3.2. Laboratory Experiment Using a 2-m Tower—Second Step

As with the mini-model experiment summarized in Section 3.1, the second-step experiment on a
solar tower was also done in a laboratory [23]. The solar tower model was made up to five times larger
than the mini-model, with a 2-m high and 3-m square collector part. Using a wind turbine model, the
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power output was measured and verified it. The diffuser model had a 4° open area ratio. Initially, the
updraft speeds of the diffuser and cylindrical towers without a wind turbine were measured. As a
result, those speeds were 1.2 m/s for the cylindrical model and 1.85 m/s for the diffuser model, for
A® =20 K. As with the mini-model experiment, updraft speed for the diffuser tower was greater than
for the cylindrical tower, by a factor of 1.5-1.7, without a turbine.

W-speeds in these enlarged models were almost /5 times greater than those in the mini-models
(1.2/0.55 = 2.18 for cylinder; 1.85/0.77 = 2.40 for diffuser; at A® = 20 K, data of 0.55 m/s (cylinder) and
0.77 m/s (diffuser) for the mini-model are given in Section 3.1). A scaling law shown by Equation (5)
was confirmed by the present solar tower experiment. Next, by installing a wind turbine with rotor
diameter 0.29 m, changes in speed and power output were measured at each optimum tip speed ratio.
The ratio of w-speed between the diffuser and cylindrical towers was almost 1.4-1.5, similar to the case
for the A® without a turbine. Power outputs obtained in the diffuser tower were 4-5 times greater
than those of the cylindrical tower (Figure 5).

Inner diameter 320 .
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point of w speed support
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Figure 4. Experimental setup. Updraft wind speed w is measured by inserting an ultrasonic
anemometer from the top into the tower. The dimension units in the right figure are all (mm).
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Figure 5. Power output of wind turbine installed near the bottom of a solar tower model vs.
temperature difference A®. Refer to Figure 4, which shows the same experimental setup.
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4. Investigation of Optimal Tower Configuration

4.1. Experimental Setup

Based on the results of previous laboratory experiments [22,23], to find an optimal tower
configuration, a series of experiments were conducted indoors, as described below. In these
experiments, the surface temperature of a heater plate at each set point was controlled to maintain ®;
constant adjacent to the hot plate. Therefore, all the measurements were made under almost steady
thermal conditions. The time histories of physical quantities were recorded for 30 s and its time-mean
values were evaluated in the present experiments. An ultrasonic anemometer was installed 50 mm
above the wind turbine (Figure 4). The signal from the anemometer was entered in a PC and monitored
by a FFT analyzer. The solar tower model was placed at the center of the collector. The origin of the
Cartesian coordinate system was defined to be the intersection of the central line of the tower and the
temperature-controlled surface. The z-axis was defined as the height direction along the tower’s center
line. The temperature distribution and updraft flow speed were measured along the tower center line
(z-axis). A wind turbine with rotor diameter 290 mm was inserted near the bottom of the tower model.
The power output of the wind turbine was measured using a simple electrical circuit. Varying the
resistance, the maximum power output was found at the optimum tip speed ratio.

4.2. Effect of a Diffuser Tower with Various Semi-Open Angles

A cylinder-shaped tower and diffuser-shaped towers of height & = 2 m were used.
The diffuser-shaped towers had 2°, 4° and 6° semi-open angles. Figure 6 shows results of thermal
updraft speed w with temperature difference A®. In all cases, w inside the tower increased with
the temperature difference. The largest w was seen for a diffuser with 4° semi-open angle in the
present experiment.

3
2
2.5
©)
2 @
)
é 1.5
]
1 ¢ Cylinder
4 Diffuser 2° ®w=040A6°%
» ) @ w=0.38A0°
0.5 e Diffuser 4 3@ w=036A0°5
= Diffuser 6° @ w=0.29A@°5
0
20 25 30 35 40 45

Temperature difference A® (=0,-0,) [K]

Figure 6. Updraft wind speed w vs. temperature difference A® for diffuser model with tower height
2 m for each semi-open angle of 0° (cylinder), 2°, 4° and 6°.

Power output results are shown in Figure 7. Compared with the outputs of a cylindrical tower,
those of the diffuser tower with a 4° semi-open angle show a 4-5 times increase, with the largest values
among the diffuser models. Describing the results in another form (Figure 8), it is clear that the diffuser
tower with a semi-open angle of 4° is optimum for the solar tower in the present experiment.
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Figure 7. Power output Pyypine VS. temperature difference A® for diffuser model with tower height
2 m, for each semi-open angle of 0° (cylinder), 2°, 4° and 6°.
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Figure 8. Power output Py pine VS. semi-open angle of diffuser model with tower height 2 m, for each
temperature difference A® = 23 to 35 K.

4.3. Effect of Diffuser Tower of Various Heights

The tower height of the diffuser model with 4° semi-open angle was varied in the range 1.0-2.6 m
to investigate the relationship between thermal updraft speed and tower height. The results are
shown in Figures 9 and 10. From these figures, it is clear that w is proportional to the square root of
temperature difference and square root of tower height I, i.e., w & v/A® and w « v/h.

4
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Temperature difference A® (=0,-0,) [K]

Figure 9. Updraft speed w vs. temperature difference A® for diffuser model with a semi-open angle of
4° for each tower height h.
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Figure 10. Updraft speed w vs. tower height  for diffuser model with a semi-open angle of 4° for each
temperature difference A® = 10, 20 and 30 K.

5. Numerical Analyses

5.1. Computational Method

Flows around a solar tower system and inside it without a turbine were numerically simulated
using a three-dimensional DNS based on the finite difference method [24]. The governing equations
were the continuity and Navier-Stokes equations. Table 1 summarizes details of the approach and
other information relevant to the simulation. A first-order explicit method was used for time marching.
A second-order central scheme was applied to the convective term. Figure 11 illustrates the entire
computational domain and computational grids around a solar tower model, respectively. In the
simulations, the Reynolds number Re, which is based on the inner diameter of the bottom of the
diffuser tower D (0.32 m; Figure 11b), were the same as those in the laboratory experiment. To establish
an almost steady thermal condition around the solar tower, a very large computational domain of 32 m
(100D) x 32 m (100D) x 19.2 m (60D) was adopted. To investigate the grid resolution dependence,
two kinds of grid systems of 121 x 121 x 131 and 141 x 141 x 151 were tested for the computational
domain. The latter grid system in the present simulation showed the same flow rate between the
bottom and top of the tower. Namely, the simulation using 141 x 141 x151 grid points was confirmed
to provide numerical results with high accuracy. As discussed later, there was good agreement in
terms of profiles of updraft speed and static pressure inside the tower between laboratory experiment
and simulation. From these results, it was concluded that there was no essential difference between
from the simulated and laboratory experiment flows in the given Re range. Boundary conditions
were defined as follows. For velocity, the no-slip conditions were set for the ceiling, bottom and
body. For the four sides, the periodical conditions were assumed. For temperature, on the bottom,
the Dirichlet condition of 100 °C on the heated plate was set, and the other bottom field to 17 °C.
The adiabatic conditions for the body and ceiling, and periodic conditions for the four sides were
assumed. For pressure, the Neumann condition was established for the bottom and ceiling, and the
periodic conditions for the four sides.
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Table 1. Computational Method.

Direct Numerical Simulation Based on Finite Difference Method

Method for time proceeding Euler explicit 1st order
Poisson’s equation Successive Over Relaxation (SOR)
Spatial terms 2nd order central difference
Convective terms 2nd order central difference
Grid, variables 141 x 141 x 151 grid points, Staggered arrangement
Body Rectangular grid approximation

6.25D(2.0m)

9.375D(3.0m)

32
D 032m Minimum grid width

(tower diameter)

Width | 100D (32.0 m) x:0.03125D (0.01 m)
Depth | 100D (32.0 m) y:0.03125D (0.01 m)
Height 60D (19.2 m) z: 0.03125D (0.01 m)

Figure 11. (a) Computational domain and grid; (b) A diffuser tower model with 4° semi-open angle

was displayed using a rectangular grid approximation technique.

5.2. Computational Results

5.2.1. Effect of a Diffuser Tower with Various Semi-Open Angles

Figure 12 shows computational results of the instantaneous speed, static pressure and temperature
fields of the updraft (w field) inside the tower with the height & = 2.0 m for each semi-open angle of
0° (cylinder), 2°, 4° and 6°. For the case of 4° (Figure 12c), w is larger and the static pressure is lower
near the bottom of the tower, compared to other semi-open angles. For the case of 6° (Figure 12d), the
updraft is separated from the inside wall of the tower, showing a pressure loss. Figure 13 shows w at a
height of z = 450 mm (the same position as that in the experiments; Figure 4) with the semi-open angle,
together with the experimental results. Both the CFD and experiment showed similar tendencies,
with a maximum w for the semi-open angle of 4°. This is therefore a suitable semi-open angle for the
solar tower.
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Figure 12. Instantaneous w (left); static pressure (center); and temperature (right) fields of updraft
inside the tower with the height 1 = 2.0 m for each semi-open angle of (a) 0° (cylinder); (b) 2°; (c) 4° and
(d) 6°. w, static pressure and temperature is expressed by 10 intervals between 0 and 5 m/s (w speed),
—4 and 1 (dimensionless static pressure), 0 and 100 °C (temperature), respectively.



Energies 2016, 9, 1077 11 of 14

—B— AO=23 [K] Exp.

25 A®=26 [K] Exp.
A©=30 [K] Exp.
225 ——AO=35 [K] Exp.

-5¢-A@=20 [K] CED
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1.75

1.5

1.25
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Figure 13. Updraft speed w at height z = 450 mm (the same position as that in the experiments; Figure 4)
vs. semi-open angle of the diffuser model with tower height /1 = 2 m, for each temperature difference
A® =20 K (CFD), 23-35 K (experiment).

5.2.2. The Effect of a Diffuser Tower at Various Heights

Figure 14 shows computational results for the instantaneous pressure field of the updraft inside
the tower for each 1 of 1.2, 1.6, 2.0 and 2.4 m. The pressure field near the bottom of each tower reaches
lower values with £, as seen in Figure 14a—d. Figure 15 shows time-mean w inside the tower at heights
of 1,1.6,2.0 and 2.6 m. It was found that the mean w near the bottom of each tower increases with /.
However, for the case of & = 2.6 m shown in Figure 15d, the updraft is separated from the inside wall
in the upper part of the tower. Figure 16 displays curves of the relationship between w and /i, which
includes the experimental data. w was proportional to the square root of / in both the experiment and
CFD results, i.e., w  Vh.

(a) 1.2 m tower (b) 1.6 m tower

BN

(c) 2.0 m tower d) 2.4 m tower

Figure 14. Instantaneous static pressure field of updraft inside the tower with a semi-open angle 4° for
each tower height of (a) 1.2 m; (b) 1.6 m; (¢) 2.0 m; and (d) 2.4 m. The static pressure is expressed by
10 intervals between dimensionless pressure —4 (blue) and 1 (red).
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(a) 1.0 m tower (b) 1.6 m tower

J

(c) 2.0 m tower (d) 2.6 m tower

Figure 15. Time-mean updraft speed w vs. tower height & for diffuser models with a semi-open angle
4° and temperature difference A® =20 K. The w field is expressed by 10 intervals between 0 (blue) and
5m/s (red). (a) 1.0 m; (b) 1.6 m; (c) 2.0 m; (d) 2.6 m tower height.

3

w=1.601>
25
2
Q)
£ 15
S
1 7 @ Exp.
’ X CFD
0.5 ——Exp. (approximation)

= = CFD (approximation)

0 02040608 1 12141618 2 22242628 3
Tower height I [m]

Figure 16. Updraft speed w vs. tower height / for diffuser model with a semi-open angle 4° and
temperature difference A® =20 K.

6. Conclusions

Laboratory experiments and numerical analyses (CFD) for a solar tower were performed. For the
experiments indoors, a solar tower model with height of i = 2 m was used as the basic model.
To determine the optimal configuration for the tower, the effects of the semi-open angle of a diffuser
tower and the tower height, i, on updraft speed, w, were investigated.

First, earlier results from our laboratory were confirmed; namely, for solar energy utilization using
a solar tower, diffuser-shaped towers increase power output by 4-5 times relative to conventional
cylinder-shaped towers. ]



Energies 2016, 9, 1077 13 of 14

The scaling law predicted by a simple theory from the Navier-Stokes equation under the
Boussinesq assumption was confirmed by the experiments, i.e., the updraft speed w inside the tower is
proportional to the square root of the ratio of a larger tower height /1 to a smaller one.

Second, a suitable diffuser shape with a semi-open angle was found varying that angle from 0°
(cylinder) to 2°, 4° and 6°. The diffuser tower with 4° is the optimal shape, producing the fastest w at
each temperature difference A® between the inside collector and ambient air aloft in both the present
laboratory experiment and CFD results.

Third, the relationships between w and /, and between w and A® were studied. The laboratory
experiments and CFD results both showed that w is proportional to the square root of & and also A®,
ie., wxv/AO and w « V.

Incidentally, based on the laboratory experiments and numerical analyses described above, a
prototype of a solar tower with 10 m height was constructed in the field. Many data from the field
experiment are being obtained, showing a scaling law from 2 m to 10 m tower height. At the same
time, this solar tower can also utilize wind energy. As was suggested by Okada et al. [25], a newly
designed solar tower can also be used to harness wind energy as well as solar energy. A prospective
renewable energy facility, called a wind solar tower (WST), that can use sunshine energy and wind
energy simultaneously is proposed. We intend to report those results in future papers.
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