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ABSTRACT

In this paper, a computational approach, based on the solution of Reynolds-averaged-Navier—Stokes
(RANS) equations, to describe the flow within and around a diffuser augmented wind turbine (DAWT)
is reported. In order to reduce the computational cost, the turbine is modeled as an actuator disc (AD)
that imposes a resistance to the passage of the flow. The effect of the AD is modeled applying two body
forces, upstream and downstream of the AD, such that they impose a desired pressure jump. Com-
parison with experiments carried out in similar conditions shows a good agreement suggesting that the
adopted methodology is able to carefully reproduce real flow features.
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1 INTRODUCTION

The impetus towards a sustainable and environmental friendly world has led the wind energy
industry to grow, bringing the global total production to 369.6 GW (2014); a new record of
more than 51 GW installed in a single year [1]. Wind energy is abundant, and therefore, a
wind energy system that intensifies the power production without the size penalty has long
been sought. The use of diffusers or ducts to enhance the performance of wind and tidal tur-
bines have been proposed and discussed for many years now [2—6]. The basic idea is that the
presence of a diffuser increases the mass flow across the blades, thus generating more thrust.
It has been proved experimentally by several manufacturers that this practice increases the
wind turbine performances when compared with the bare configuration [7, 8]. Some inde-
pendent studies, using primarily computational fluid dynamics (CFD), suggest a substantial
rise in power production up to three times more than the bare turbine [9]. Nevertheless,
details of these studies are not made available on public domain.

Since computations are widely used during the design process, it is always necessary to
develop new faster approaches and prove that they are reliable. This paper presents a 2D CFD
study of the ‘donQi Urban Windmill 1.5 diffuser augmented wind turbine model (DAWT)
[10] using the commercial solver Ansys FLUENT. The turbine is modeled as an actuator disc
(AD), since it has been proved experimentally that this method is able to reproduce the near
wake flow for a bare wind turbine [11]. The influence of AD in the equations can be imple-
mented as an additional body force acting against the flow. The most common approach
reported in the literature is to create an interface where a momentum sink term is applied [12,
13]. The associated pressure drop (Ap) is calculated from a semi-empirical relation between
the thrust coefficient curve and the velocity at the disc. While these simulations provide a
good estimate for the far wake velocity profiles, the flow behavior in front of the AD and in
the near wake is not captured accurately [12]. The discrepancies between computed velocity
profiles and real measurements may be attributed to the way the Ap is distributed over several
cells. Numerically, the force is smeared over the neighboring cells affecting the flow in the
local position of the AD [12].
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In order to correctly describe the flow in the near wake and in proximity of the AD, a dis-
crete force allocation technique, called the AD force method is used [14]. Discrete body
forces are, in the present analysis, used to model the velocity deficit across the AD inside the
diffuser. This method redistributes the forces over the neighboring cells of the AD, and then
it derives the corresponding cell faces pressure jump. A detailed explanation of the method-
ology is presented in Section 3.2

2 WIND TUNNEL EXPERIMENT
Experiments were conducted in the closed-loop open-jet wind tunnel facility at the Delft
University of Technology. The tunnel has the maximum speed of 35 m/s and an octagonal
outflow nozzle of 2.85 m x 2.85 m. The free-stream flow at the measurement location has a
turbulent intensity of approximately 0.21% [15]. The flow temperature is kept constant at
20°C, which is achieved by a 350 kW heat exchanger.

A metal porous disc with a diameter of 1.5 m (Fig. 1) was manufactured in order to mimic
the energy extractor at the turbine blade location. The AD has a uniform thickness of 0.002
m with porosity, & =42%, resulting in an average thrust coefficient, C;, =0.87 [15]. The
porosity is defined as the ratio of open area and the total area of the disc and it is a measure-
ment of the permeable area of the AD.

The pressure jump across the bare AD area produces a thrust force, F,,, The presence of
the diffuser increases the mass flow passing through the AD thus resulting in a larger thrust
force Fp,ur. Both these values were measured using a six component balance (Table 1).
Furthermore, pitot-static measurements were used to measure the velocity distribution along
the axial (x) and the radial (y) directions; distances indicated in Figure 2.

Figure 1: Pictures showing the experimental setup. (left) Zoom of the AD located within the
diffuser; (right) view of the entire setup with the load balance used to measure the
thrust of the AD.
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Table 1: Load cell measurements for different free stream velocities.

Uoo(m/s) FAD(N) FADWT(N)
5 22.3 31

7 45.2 84

10 94.2 131

0
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Figure 2: Schematic of experimental set-up showing measurements at diffuser
locations.

3 CFD METHODOLOGY
The following section presents the description of the CFD methodology adopted in this paper.
A detailed description of the AD modeling following the approach suggested by Réthoré
et al. [14] is reported in this section.

3.1 Computational domain

A computational domain similar to the experimental configuration was built using ICEM
CFD, Ansys Inc. A C-grid structured mesh was chosen to discretize the domain (Fig. 3),
which proved advantageous in the case of a curved boundary (diffuser leading edge), and
terminating the C-shaped loop in the wake region. The final mesh consisted of 78,145 ele-
ments, which was achieved after a mesh independence study; this minimizes the computational
power and the time required for the generation of a grid independent solution. Even if 2D, the
investigated configuration represents well the experimental setup because of the axis-sym-
metric flow conditions.
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Figure 3: Computational mesh visualizing the AD within the diffuser.

3.2 Actuator disc modeling

The main aim of the present paper is to find a fast and reliable approach to solve the flow
within and around a DAWT by solving the RANS equations, which can be used for perfor-
mance analysis of the DAWT in future work. Previous studies have shown that overestimation
of the velocity inside the diffuser with consequent overestimation of the power extracted
from the DAWT [16]. Therefore, it is necessary to have a computational method, which
reproduces a realistic velocity profile inside the diffuser in presence of a turbine (i.e. AD in
this context). To reach this goal, the AD force method was used [14] since it has been proved
to correctly model the bare wind turbines [17]; however, it is not clear how this method
copes with the presence of a diffuser. In the following, discrete body forces are defined at
the face of the cells in order to introduce a desired pressure jump (Ap). The body force
in the cell representing the AD is splitted into two pressure jumps: one on the upstream
face U and one on the downstream face D, as shown in Figure 4. The approach consists of
defining the normal force acting over the AD area on the upstream face U, which is kept
constant:

1 ) @
Fap = EpCTAUw’

with p as the air density, C; as the thrust coefficient, A = 7 R? as the rotor area with R as the
AD radius and U, as the ambient velocity. The total pressure drop encountered for a DAWT
under the influence of AD would take into account an additional force, Fdl-ﬁcmr , and the total
force would be specified as a pressure term on face D
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Figure 4: Schematic representation of pressure drop using the AD force method.

FDAWT = FAD + DaFdiﬂuser’ (2)

F,
Ap:%, (3)

3.3 Turbulence modeling

The maximum free stream velocity set during the experiments does not exceed 10 ms™';
leading to incompressible flow conditions for the CFD simulations. The inlet parameters
were pre-determined to produce matching flow conditions, including the turbulent intensity.
To appropriately select a turbulence model to compute the flow around a DAWT, a study was
conducted for initial validation. Two turbulence models, k —¢ and k —® are widely used for
AD CFD simulations due to their relatively low computational power requirements and better
stability in reaching convergence [18]. Both the models have their advantages, for instance,
the k — w is more accurate in formulating the near-wall region flows, whereas k — ¢ has a free
stream independence in the far-field region. In order to replicate the flow correctly around
and within the DAWT, the overall SST k —® model was adopted; it applies the k —® solu-
tions in the inner part of the boundary layer and then switches to k — ¢ to resolve the far-field
with the inlet turbulence properties.

3.4 Blockage correction

In this numerical study, the DAWT faces an undisturbed free stream flow. However, in order
to compare with wind tunnel experiments, the effect of the blockage needs to be accounted
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for since it results in a free stream velocity higher than the one expected in presence of an
undisturbed free stream flow. A common approach is to use a blockage correction factor
based on the dominant flow effects as outlined below.

Mercker and Wiedemann [19] have identified the major blockage causes in presence of
open-jet and have developed procedures to correct their effects. While a rigorous analysis of
these effects is beyond the scope of this paper, an overview of the method used is presented.
The correction methodology breaks the boundary-induced effects into series of sub compo-
nents that are combined to correct the dynamic pressure measurements recorded by the
pitot-static tube.

q—”:(1+gs+gn+gc)2, 4)
q,

where 4 is the total blockage correction factor, and is made up of solid blockage, ¢, which
qu

is negative, the nozzle blockage, ¢,, which is positive, and the collector blockage factor, ¢,

which is also positive. The factor was calculated to be 0.96, which was used to correct the

experimental dynamic pressure measurements.

4 RESULTS AND DISCUSSION
In the following, experimental data are used to validate the CFD approach, which has been
done by comparing the velocity profiles inside the diffuser. Three free stream velocity equal
to 5,7 and 10 ms~! were investigated for an AD with a constant loading, C,=0.87.

In the present analysis, the location of the AD inside the diffuser is at x/C = 0.5. The pres-
ence of the AD causes a drop of the static pressure; in order to accurately reproduce the flow
condition, the correct pressure drop needs to be estimated. Figure 5 displays the computed
pressure distribution along the diffuser center-line for different U. The pressure shows a
strong jump at x/C = 0.5 (the location of the AD), which is based on the input parameters
specified using the AD force method. It is evident that the static pressure far upstream and far

Pressure distribution
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Figure 5: Centre-line pressure distribution for three different free stream velocities at different
axial locations of the computational domain.
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downstream are not the same. Even if the boundary conditions at the inlet were set such that
the static pressure is equal to zero, a slightly higher pressure is then computed since it is
required to drive the flow past the high resistance disc. Tests showed that extending the com-
putational domain (along both x and y directions) with the same DAWT geometry, the
pressure gradient reduced but was still present.

The flow field around the diffuser with AD is presented in Figure 6 using contour of the
stream-wise velocity, under free stream condition U, =10 ms~!. The figure is color-coded
with x-component velocity. In the figure the flow goes from left to right. The AD induces a
strong resistance to the flow, which can be clearly recognized by the light blue contour
upstream of the AD. As expected, the flow just downstream of the AD, from x/C = 0.5, shows
a further reduction and the velocity magnitude approaches zero indicated by the dark blue
contour.

Figure 7 compares the computed axial and radial velocity profiles with experimental meas-
urements at different x and y locations. The left-hand side of the Figure 7 shows the velocity
distribution along the diffuser center-line for different U_,. As clearly visible, the computed
stream-wise velocity component nicely follows the measurements showing good agreement
in presence of the velocity jump across the AD. The velocity jump is to be expected because
of the high C,. The largest differences between experiments and computations are present
downstream of the AD starting from x/C = 0.5 to 1. These differences are caused by the inac-
curacy in the pitot tube measurements mainly due its size and locations of both the static and
dynamic probes. However, the agreement is considered to be overall acceptable. The right-
hand side of Figure 7 projects a comparison between experiments and computations of
velocity profiles along the AD radial direction, which is extracted just upstream as indicated
in Figure. 6. As before a good agreement is reached.

ANSYS

R16.2

Academic

Figure 6: Stream-wise velocity contour plot around a DAWT using the AD force method,
with an inlet speed of 10 ms~!. The dotted lines denote the position of axial and
radial pitot-static tube measurements used for validation.
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Figure 7: Comparison between CFD and experimental results with free stream velocity equal
to 5,7 & 10 ms~!. (left) Velocity distribution in the axial direction; (right) velocity
distribution in the radial direction.

5 CONCLUSION

A computational approach to study of a diffuser augmented wind turbine has been presented.
In this study, the AD inside the diffuser is modeled using discrete body forces. This approach
of treating the body forces as pressure jump reduces significantly the number of cells needed
to model the pressure jump. In the present research context, this can potentially lead to fur-
ther study in DAWT modeling, and therefore, opening the possibility to carry performance
analysis of the DAWT system. The results from the simulation show a good agreement with
the experimental data while exhibiting some limitations, for example, the zero velocity in
axial direction just behind the AD location. The need for more refined experimental data is
clear with advanced measurement techniques like the particle image velocimetry (PIV), and
this will form part of our future work.
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