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Introduction:

The desire for introduction of clean energy in urban environments has led to some interest in the use of
wind power integrated into modern cities; one way to do so is to integrate wind turbines into skyscrapers,
as is seen in some recent architectural projects such as the Pearl River Tower in Guangzhou (Figure 1).
Obviously we would like to maximize the power out from such a design, which is a function not only of
the parameters of the Vertical Axis Wind Turbines (VAWT), but also on the patterns of prevailing winds
in the location of the building, the topography of the surrounding environment, and the shape of the
channel in the building where it is installed. In this paper, we shall explore how to optimize the shape of
the channel when the other controlling factors have been determined. We focus on VAWT’s since they are
generally better suited to urban environments due to ease of maintenance and lower noise [9]. The

2
approximate power generated by a VAWT’s is given by Py, = ipCpU 3 %, where p is the air density, d is
the turbine diameter, U is the wind velocity, and C, is the capacity factor, which is the ratio of the power
generated to the available power, and is governed by the Betz limit to approximately 59% for Newtonian
fluids. While VAWT’s may be installed in a few different configurations, we will limit this work to in-

building duct installations, such as the one used in the Pearl River Tower in Guangzhou as shown in Fig.
1.

Fig. 1: Pearl River Tower, Guanzhou; SOM architects [12].
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Background:

Wind Flow Modeling

Modeling for flow in urban environments requires the use of computational fluid dynamic models. In
particular, since the air flow in the atmospheric boundary layer (ABL) is turbulent, modified forms of the
standard Navier-Stokes equations are required. One commonly used model is the RANS (Reynolds Average
Navier Stokes) model [10]. Since the Reynolds model is under-constrained, Kolmogorov [5] suggested
modeling the turbulence using two numbers: the turbulent kinetic energy k and the turbulence dissipation
rate ¢, using which, Hanjalic and Launder [3] developed the k-¢ RNG model which has been used
successfully in modeling of urban flows and is the model adopted by us in our research.

Solving Wind Flow Models

Since the models that accurately reflect the wind flow are analytically intractable, computational fluid
dynamics (CFD) models are solved mainly by numerical techniques. Regardless to the technique used, a
successful CFD simulation of the wind in the urban environment depends on three critical points: correct
boundary conditions, accurate wind mean profiles and a good mesh quality; since a coarse mesh results
in poor output and a very fine mesh will take a long time to converge.

Some early work on wind flow around buildings can be found in [9] and [4]. A more comprehensive study
on flow around sets of adjacent tall buildings, possibly with different roof inclinations, was made by Lu
et. al in [7]. From the various scenarios studied in that research, some of the key conclusions are: (a) for
adjacent tall buildings with a narrow gap and a prevailing wind direction along the gap, there is a
significant increase in the wind velocity through the gap; (b) higher turbulence (which is detrimental to
efficiency of VAWT’s) is observed in the layer up to 3m around building edges; (c) for roof mounted
turbines, the tallest building in a group of flat-roofed buildings is the ideal choice; however, if the roof-
tops are inclined, then the actual configuration of the buildings dictates the ideal choice.

Our interest is in investigating the optimum shape of a channel housing the VAWT. One study aiming at
measuring the performance of the wind turbines placed inside tunnels was conducted by Li et al. [6]. They
mainly conducted a series of wind tunnel experiment simulating the Pearl River tower energy performance
according to the local climate data, under different conditions (with or without the surrounding buildings,
and with or without the presence of the VAWT in the channel). The main findings were that the power
generated was affected by the building orientation, and that a contraction in the shape of the channel
resulted in increased wind speeds (and therefore higher power). The latter result corresponds to the
knowledge used in design of a traditional venturi. Nevertheless, it has been shown (for example, see [1]),
that a venturi (or channel) shape with the highest contraction ratio is not necessarily the best in terms of
power output. In all cases of such investigations, wind tunnel experiments are necessary for validation of
the CFD models.

Wind Tunnel Experiments:

For this study, we use a building that has a square base 30mx30m and a height of 120m. The opening is
a circular venturi-shaped tunnel. For the wind tunnel experiment, we use a 1:150 reduced-scale model.
The outer circle has a radius of 4.56 cm and the radius at the contraction is 4 cm. The calibrated wind
profile presents a wind speed at building height (z=0.8m) of UH=10.171 m/s. We dressed the power law
for the wind speed profile to be implemented at the inlet boundary with a = 0.11. Other test settings
follow Tominaga et al. [11]. The wind velocity and the turbulence intensity, we calibrate the wind profile
inspired by the Hong Kong wind code [2]. Figure 2 shows the setup in the wind tunnel. The test conditions
ensured that the Von Karman criterion was matched. The wind speed was measured at five different

locations, and our experimental conditions had a Reynolds number = Re = UV—D ~ 1.8x10° which is in the
acceptable range of flows around buildings (~10%).

CFED Simulation:

We use an open source CFD solver, OpenFoam, for our simulations. The first step is to generate the mesh.
We developed a simple python script to generate the definition for the mesh in a BlockMeshDict file, which
is used by the BlockMesh utility in OpenFoam to create a non-uniform graded mesh. The cells in the region
of the interest are small, while those further away from the building are larger. Figure 3 shows the top
and elevation views of the mesh.
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Fig. 3: (@) Top view and (b) elevation view of the simulation mesh in OpenFoam (c) Profile of the test
channel shape.

As discussed before, we first create one mesh with a circular profile venturi shape hole in the building to
validate the parameters of the simulation with the wind tunnel experimental data. Next, we create a series
of test shapes, where the channel is a rectangular profile hole whose height remains constant, but the
width varies as per a degree-3 Bezier curve. The control points P, and P, are moved to change the profile
shape. The Semi-Implicit Method for Pressure Linked Equations (SIMPLE) algorithm was used for solving
the model. The CFD model results, compared to the wind tunnel data, have an error of less than 5% at the
critical positions.

DoE Approach for Optimal Design of VAWT Channels:
The shape of the channel in our study was varied by moving the coordinates (x,, y,), (X, y-) of the control

points P, and P.. If we use three different values for each of these four variables, then we potentially have
to run 3* = 81 experiments. Since each simulation takes several hours to run, we decided to run a partial
factorial experiment with 27 runs. Figure 4 shows the flow streamlines though two shapes of the channels
(runs #3 and #24).

Finally, we use a statistical interpolation technique, Kriging (see [8] for the theory), to search for the
optimum configuration that interpolates the discrete data set generated from the 27 runs. For brevity, we
omit the details of the model (which will be presented in the journal form of this paper). Kriging is a
stochastic model, where the interpolated values are not deterministic coordinates in the domain, rather,
they model a Gaussian process. Under fairly reasonable assumptions on the mean and covariance, the
model reduces to a least-squares regression form that can be solved using standard tools in machine
learning packages (we use a standard library in R).
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Fig. 4: Horizontal cross-section at the middle of the channel in (a) run #3, and (b) run #24.
We tested our solution by another standard technique, cross-validation. This model fits the optimal model

into the results obtained by the partial factorial experiments, with an optimum value at X = (X;, X,, V1, ¥») =
(0.0344, 0.1511, 0.0167, 0.0167) (shown in Figure 5).

Fig. 5: Streamlines in the optimal configuration given by the Kriging model.

Concluding remarks:

We conclude the paper by summarizing our main contribution, which is the development of a systematic
approach using a combination of parametric design, Design of experiments and machine learning tools.
The approach is verified by testing on an example building with a simple rectangular channel whose
vertical walls are bounded by parametric surfaces and which can house a VAWT. We show that the design
does have significant impact on the maximum wind velocity at the contraction point, and therefore on the
VAWT output. Our experimental study indicates that channel contraction is a significant factor in the type
of designs we studied. Secondly, at a fixed value of y,, higher values for y, have high impact on the
maximum velocity. Thirdly, by looking at the turbulence values at maximum contraction, it is beneficial
to locate the point of maximum contraction far from the windward facade. Finally, by using a statistical
fitting tool, we can obtain the optimum design shape, whose design can be verified by running one
additional simulation.
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