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Abstract

The purpose of this study is to improve the efficiency of the power generation system of a solar
tower using fluid dynamics. The power generation system of a solar tower can be designed and
constructed at relatively low cost. However, the energy output tends to be low for its physical size
compared with other renewable energy production systems. The technical and scientific improve-
ment of these types of generation systems has lost its momentum since the shutdown of the well-
known Spanish pilot plant “Manzanares Solar Chimney” in 1989, although it still has the potential
to play a role in renewable energy in the future. We have focused on the tower component of the
system to seek possible enhancements of the power output of the internal turbine. As a result of
our fluid dynamic shape optimization, a diffuser-shaped tower was employed to increase the in-
ternal flow speed of a scaled model. The results show a remarkable improvement in the power
output of the internal wind turbine.
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1. Introduction

A solar tower [1] that can generate electricity in a simple structure, and enables easy and less costly maintenance,
has considerable advantages. In particular, a tower of the thermal updraft wind type has significant potential as a
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renewable energy power plant. One of the few problems for this type is the low power electric generation capac-
ity per unit area. Consequently, the solar tower needs to be enlarged to achieve an adequate performance. If we
can improve its performance in power generation by some method, the solar tower may become competitive
when compared with other renewable energy systems. In this study, we show an example of optimizing the
tower shape in terms of its fluid dynamic characteristics to raise its efficiency in generating power.

Power plants that use towers either have a thermal updraft as for the solar tower shown in Figure 1 [2]-[4] or
are of another type of tower called an energy tower. For the solar tower the sun’s energy is collected by a heat
collector below the tower creating a thermal updraft that passes into the transparent collector and rotates the
wind turbine. The power plant mechanism in the energy tower involves spraying the upper part of the tower with
water, creating a circulating and increasing downdraft flow within the tower that rotates the wind turbine [5] [6].
The solar tower, which we focus on in this study, is based on the simple structure conducted in the demonstra-
tion experiment in Manzanares, Spain, from 1982 to 1989 by the German engineer, J. Schlaich. The concept of
the solar tower is not new. Leonardo da Vinci designed a chicken barbecue with a windmill driven by the hot
upwind in the chimney [2]. In developing the original idea for the purpose of exploiting solar energy, simple
techniques—in this case, the greenhouse, the chimney and the windmill—were combined in an uncomplicated
collector and conversion system. Thus the solar tower was born.

However, a thermal updraft wind type of solar tower power plant using thermal updraft wind is, for example,
in Manzanares, where the height is 194 m, and the collector is 46,000 m?, a very large scale plant, but generates
little power for its size, and remains at 44.19 MWh per annum. On the other hand, for example, if we spread so-
lar panels over the same area of land, 8.5 GWh of power is generated (assumed capacity factor 13%) under con-
ditions of Japan’s greatest annual sunshine (1420 kWh/m?).

Since the pilot plant in Manzanares was completed, further development worldwide has been minimal and
any scientific technical research has hardly been carried out, although the Menzanares solar tower still has the
potential to play a role in renewable energy in the future. 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 ade-
quate 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 the size of the basic compo-
nent of the solar tower, have not been performed (power generation expectation and the optimization study [7]
[8]). We applied a diffuser shape as the first step in optimizing the tower shape in a trial to increase power gen-
eration using fluid dynamics. We performed an experiment to compare the updraft wind velocity flowing
through a diffuser-shaped tower with a typical cylindrical form. This experiment was conducted with two large
scale models and one small scale model to confirm that the results complied with the scaling law. It demon-
strated that when upsizing the scaling law remained valid.
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Figure 1.Mechanism of solar tower.
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2. Previous Experiments

Preliminary experiments were conducted on mini-models of solar towers [9] [10]. The mini-models consisted of
cylindrical and diffuser models with a 0.66 m radius collector and a tower 0.4 m high. If the external flow
around the solar tower is assumed to be negligible, the dominant flow is from heat convection. The flow field is
approximated by natural convection from the temperature difference between the flow temperature heated by the
solar thermal energy and the ambient temperature. In this laboratory experiment, the flow field was the natural
convection driven by the temperature difference between the flow temperature ®2 from the controlled floor sur-
face temperature at the bottom of the tower, and the ambient temperature @1. The ambient temperature was de-
fined as the temperature surrounding the exit of the tower ®1. The temperature difference was 40 = 02 — B1.
The flow created by the sun and ambient temperature was simulated as shown above. Figure 2 shows the expe-
rimental results from measuring the velocity of the updraft. In the cylindrical tower, the velocity at 70 mm above
the heated floor was 0.55 m/s. In the diffuser tower the velocity at the same point was faster at 0.77 m/s. When
the temperature difference A® was approximately 20°K, 70 mm above the floor, the velocity of the updraft in
the diffuser tower exceeded that in the cylindrical tower. If the rotor of a wind turbine is set at this point, a larger
power output is expected.

3. Past Numerical Simulation

A computational fluid dynamics analysis was conducted by simulating the experimental model. The state va-
riables, which were the velocity components, pressure and temperature, were computed using Direct Numerical
Simulation (DNS) based on the Finite Difference Method (FDM). The time integration algorithm was the va-
riant of the fractional step.

Method [11] [12]: The pressure was determined by computation of the Poisson equation, solved using the
Successive Over Relaxation (SOR) method. A second-order central scheme was used to discretize the spatial
derivatives except for the convective terms, which were discretized using the modified third-order upwind dif-
ferencing scheme based on an interpolation method [13] [14]. Figure 3 shows the updraft flow velocity aug-
mentation ratio, which was the updraft flow velocity of the diffuser tower normalized against the updraft flow
velocity of the cylindrical tower. The straight line is Least Square Estimate. The augmentation ratios of the nu-
merical and experimental values were almost the same. Even the numerical values showed a maximum aug-
mentation ratio 70 - 90 mm from the floor, which gave the augmentation effect from the diffuser tower.

4. Experiment

The experiment with a larger model was conducted in a room. Figure 4 shows the experimental model. The
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Figure 2. Measuring point of cylindrical tower and diffuser tower, right hand side temperature difference and updraft wind
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Figure 4. Experimental model and the configuration.

towers used were a cylindrical type and a diffuser type with an open angle of 8° (4° each side). The towers were
2 m high. To exchange the towers, and make it easy to insert or remove the wind turbine, the tower part was
easily disassembled. One side of the collector section was 3 m and it was supported by spacers 20 cm from the
floor. The collector was made of acrylic sheet. It was divided into three sections. To ensure the thermal updraft
wind did not leak from the gaps between the divided collectors, they were covered with a vinyl sheet. The panel
unit was 1.5 m x 1.5 m 9 mm thick iron plate with 8 x 375 W heater elements. The heating elements were con-
nected to the four panel unit. A temperature sensor (Pt100) was attached in the center of a unit panel. Using the
signals from these sensors, a temperature controller controlled the temperature of the panel unit. In the experi-
ment, the temperatures of the iron plates were controlled by the controller and heaters to maintain the panel units
at the required temperatures. The updraft wind velocity was measured by inserting an Ultra Sonic Anemometer
into the tower from the top to 5 cm above the blade of the wind turbine. The signal from the Ultra Sonic Ane-
mometer was fed to a PC and monitored using an FFT Analyzer. Figure 5 shows the distribution of flow veloc-
ity. The location of the Ultra Sonic Anemometer was 6 to 7 cm between the center and edge of the inside of the
tower. Note, as is shown in Figure 5, the distribution of wind velocity was almost uniform, and it was assumed
to be the same over the horizontal plane inside the tower.
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Figure 5. Velocity measured inside the tower.

5. Results and Discussion
5.1. Without Wind Turbine

The dimensionless parameters which are dominant in the flow field of thermal convection are the Reynolds
number Re and Richardson number Ri. When these two dimensionless parameters are equal, dynamic similarity
is maintained. It is difficult for Ri and Re to be equal simultaneously. Re had the greatest difference between the
real scale and experimental models, but at the tower throat section(radius 0.32 m), the updraft wind was 2.5 m/s,
and Re = 52000. This Reynolds number seemed to be close to real scale flow. On the other hand, Ri and the
wind velocity had the following relationship between the real scale and experimental models:

rio 0L A0 _ gl AG

We w o .

_[CAr0/0
W= s @

where, L, W, © are the reference length, reference velocity and reference temperature for each, capitalized pa-
rameters are for the real scale, and lower case parameters, |, w, 8 are for the experimental model. Equation (2) is
derived from Equation (1) and provides the transform for the expression between the real scale and experimental
model. Initially, as stated in Section 3, we compared the result for the wind velocity of a small scale mini-model
[9] [10] with that of the experimental model. If I is for the mini-model in the preliminary experiment and L is the
present experiment, the scale is I:L = 1:5. Under natural convection, if the Ri of both the experimental and pre-
liminary experimental models is the same, the velocity for the experimental model is evaluated by the root of the
scale ratio multiplied by the velocity for the preliminary model.

Figure 6 shows, on the left, a two-way arrow, which is the scaled-up difference of the diffuser tower, and on
the right, a two-way arrow, which is the scaled-up difference of the cylindrical tower. From these results, we can
draw conclusions: The ratio of the velocity between mini-model and larger model is 2.2 - 2.5 and the values are
almost equal to J5 i.e. from the scaling effect. We confirmed the wind velocity increased in proportion to the
root of the scale ratio. Figure 6 also shows two measurements of the wind velocity inside the diffuser and cylin-
drical towers at this time. From this result, the ratio between the wind velocity inside the diffuser and cylindrical
towers was almost 1.5 - 1.8 times for a temperature difference 4® 20 - 35°K at this time.

5.2. Case When the Wind Turbine Is Present

5.2.1. Test of Power Generation for the Wind Turbine

The test of power generation was conducted to check the characteristic of the wind turbine for experimental use.
Figure 7 shows an experimental model. To investigate the optimal tip speed ratio 4 and power coefficient Cp for
this small wind turbine (rotor radius 0.15 m), Cp is given by Equation (3) [15]:
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To find out the optimal tip speed ratio 1, the variable resistance is adjusted as in Figure 7. Figure 8 shows the
results of the performance test. In the case of a wind velocity of 2.5 - 3.0 m/s as shown in Figure 8, Cp is the
maximum at around a tip speed ratio of 4, =2.5-2.9.

5.2.2. Influence of the Wind Turbine on the Velocity

Figure 9 shows the relationship between the flow temperature and vertical velocity at 0.05 m above the rotor
when it is rotating. Installing the wind turbine creates a resistance. The wind velocity decreases in comparison
with the case with no wind turbine. In addition, the vertical wind velocity inside the diffuser tower is 1.7 times
greater than that inside the cylindrical tower, i.e. (1) By installing the wind turbine, 1.9 m/s wind velocity (tem-
perature difference 20°K, diffuser type) was slowed down to 1.7 - 1.8 m/s (Figure 9) whereas the velocity was
slightly slowed down to 1.3 m/s in the case with no wind turbine (temperature difference 38°K, cylindrical). (2)
Even if a wind turbine was installed, the ratio between the velocity of the diffuser and cylindrical towers was
about 1.7, which is almost the same ratio with or without the wind turbine. As a consequence, the velocities for
the diffuser and cylindrical towers are clearly different.

5.2.3. Performance of Power Generation

Next we discuss the power. Figure 10 shows the turbine rotation speed for the diffuser tower was greater than
for the cylindrical tower. We measured the speed of rotation of the rotor with a revolution counter. The increas-
ing speed of rotation of the rotor relates directly to the power output. Here, we define power as P, Torque as T,
and number of rotation w, the relationship is given by Equation (4):

P=T, o. (4)

The power output is expected to increase for the diffuser tower. Figure 11 shows the power output vs. tem-
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perature difference. From the results in Figure 11, whereas the ratio of velocity between the diffuser and cylin-
drical towers is 1.7, the power output for the diffuser tower turns out to be 6 times greater than for the cylindric-
al tower. This is because the power output is proportional to the cube of the velocity.

In addition, from the relationship of the output for the diffuser vs. flow temperature, the diffuser output pro-
duces power from a lower temperature difference than the cylindrical output. In using the diffuser shape tower
for a solar tower, the wind velocity exceeds that for a cylindrical type tower.

Furthermore, even if a wind turbine is installed, the ratio of the speed increase is constant, the speed of rota-
tion of the rotor increases and the power output increases considerably.

6. Conclusions

The purpose of this research is to focus on the shape of the solar tower, and increase the power output by
changing the structure from the conventional cylindrical tower to a diffuser type tower, thus increasing the pow-
er output.

As a result of previous preliminary experiments conducted by Okada, the mini-model of a diffuser type tower
achieved greater wind velocity than a cylindrical tower. In these experiments, we made the size of the model 5
times larger than the mini-model. By installing a wind turbine, we actually measured the obtained power output
and verified it.

1) Initially, similar to the mini-model, we measured the wind velocity of the diffuser and cylindrical towers
without a wind turbine. As the result, the wind velocity for the diffuser tower was greater than for the cylin-
drical tower by a factor of 1.5 - 1.8 times. The velocity of this model was almost J5 times greater than for
the mini-model. A scaling law was established for the solar tower.

2) Next, by installing a wind turbine, the change in velocity and power output was measured. The ratio of ve-
locity between the diffuser and cylindrical towers was almost 1.7, similar to the case for the temperature dif-
ference A4© without a wind turbine. Because the power output was proportional to the cube of the velocity,
the power output obtained in the diffuser tower was 6 times greater than that for the cylindrical tower.

From these results, we concluded that the diffuser tower, which has the advantage of a larger power output
than the cylindrical tower, was the preferred option for a solar tower.
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