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Abstract. 3-D blade-resolved and 2-D actuator-disk simulations of a ducted wind turbine (DWT) were performed to investigate
the fidelity of actuator disc predictions and the impact of 3-D effects on performance. Both simulations used Reynolds-averaged
Navier-Stokes (RANS) equations with a k£ — e turbulence model. The DWT had a five-bladed rotor with a GOE417a airfoil,
and the duct utilized an E423 airfoil. The Reynolds number based on the diameter of the rotor was 1.24 x 10°. The design tip
speed ratio was 2.9. The performance of the DWT from the blade-resolved simulation was 26% lower than the actuator disk
simulation, with a significantly larger separation region inside the duct. These observations suggest that, while 2-D actuator
disk simulations have a lower computational cost, predictions of the coefficient of power and flow separation may not be
accurate. A possible reason is that the actuator disc model did not include swirl, which near the hub was observed to reach
nearly 80% of the free stream velocity. Another possible reason is blade intermittency effects. The separation region on the

duct increased as the blade passed and then reduced, but it was always larger than that in the actuator disk simulations.

1 Introduction

The presence of a duct around the rotor of a wind turbine increases the mass flow at the rotor and thus the power output
of the device. As a result, ducted wind turbines (DWTs) have the potential to exceed the performance ceiling set by the
Betz limit for open rotor turbines (ORTs). An extensive amount of work on ducted wind turbines has been performed both
experimentally (Gilbert and Foreman, 1979; Kogan, et al., 1961; Gilbert et al., 1978; Gilbert and Foreman, 1983; Ohya et al.,
2008; Ohya and Karasudani, 2010; Cresswell et al., 2015; Kanya and Visser, 2018) and analytically (Dick, 1986; Hansen et
al., 2000; Van Bussel, 2025; Bontempo and Manna, 2014; Jamieson, 2008, 2009; Liu and Yoshida, 2015) to characterize the
power enhancement. One of the most common tools used to predict the behavior of a ducted wind turbine is a 2-D actuator
disk simulation.

2-D actuator disk simulations are a computationally cost-effective tool for DWT optimization. Using this approach, critical
parameters such as the duct diameter, length, and horizontal position relative to the rotor can be analyzed (Abe and Ohya,
2004; Moeller and Visser, 2010; Venters et al., 2018). These parameters affect the area ratio between the rotor and the duct
exit, which has a direct impact on performance (Foote and Agarwal, 2013). Notably, increasing the area ratio increases the flow

velocity at the rotor plane and thus the power output. This implies that increasing the angle of attack of the duct will increase
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the power output. However, when a critical angle of attack is exceeded, the flow separates on the inner surface of the duct,
reducing the effective exit area and leading to a decrease in power, as shown by Bagheri-Sadeghi et al. (2018). Their results
demonstrate the value of 2-D actuator disk simulations in optimizing DWTs. For example, the ducted wind turbine analyzed in
this study was designed using two-dimensional actuator disk simulations combined with blade element momentum theory for
blade design (Visser, 2022).

Although 2-D actuator disk simulations are computationally efficient, they cannot capture details such as the influence of
individual blades and the tip vortices they generate (Wang and Chen, 2008; Aranake et al., 2015). These limitations can be
overcome by 3-D blade-resolved simulations. For example, Venters et al. (2018) noted that the stall angle of a duct is larger
than that of an isolated airfoil due to the presence of the rotor, modeled as a disk. However, in real DWTs, the blades do not
form a continuous disk, rather, it has been suggested that the tip vortices energize the boundary layer on the duct, delaying flow
separation (Aranake et al., 2015). This implies that there may be significant differences between 2-D and 3-D results.

Studies have compared the behavior of 2-D and 3-D duct flows (Rahmatian et al., 2022), but none have included an actuator
disk or a 3-D rotor in the simulations. Therefore, there is a lack of research on how the performance of DWTs designed using
actuator disk simulations translates to blade-resolved simulations, and the literature lacks studies that compare the 2-D and 3-D
flow fields. In particular, the accuracy of predicting the flow separation zone in the duct, one of the most critical design aspects
of DWTSs, remains unexplored.

This paper compares actuator disk and blade-resolved simulation methods for a DWT, and is structured as follows: Section 2
and section 3 present the blade-resolved and actuator-disk simulation setups, respectively. Section 4 then provides a comparison

of the performance as predicted by the two approaches and section 5 presents comparisons of the 2-D and 3-D flow features.

2 Blade-Resolved Simulation Setup

This section validates the techniques used to obtain the blade-resolved numerical solutions and includes the definition of

geometry, Fluent setup, mesh, and finally a study of grid convergence.
2.1 Geometry & Fluent Setup

The DWT analyzed in this study was five-bladed with a 3 m rotor diameter. Figure 1 shows front, lateral, and isometric views.
Figure 1(a) and (b) illustrate that the DWT had the generator hub removed to decrease the computational complexity of the
simulation. The operating conditions are given in Table 1, with a Reynolds number based on the diameter of the rotor of
1.24 x 106.

The duct utilized an Eppler 423 (E423) airfoil for its cross-sectional profile, while the rotor blades utilized a GOE417a airfoil.
Figure 2 shows the geometry of the two airfoils. Both the duct and blade airfoils were chosen for their high lift coefficients at
lower Reynolds numbers (Selig et al., 1996). The blade airfoil was also selected for its ease of manufacturing (Schmitz, 1942).
The chord length of the duct, cgqc:, was 0.665 m and the chord length of the blade varied from 0.213 m at the root to 0.125 m
at the tip. The tip chord is defined as cpqde.
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Figure 1. The DWT geometry features: (a) front view, (b) lateral view, and (c) photo of a real product

Table 1. DWT operating conditions
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A cylindrical coordinate system (7, 8, z) was used to analyze the simulation results. The radial coordinate r measures the
distance from the rotation axis, the azimuthal angle 6 is defined counterclockwise from the x-axis shown in fig. 1, and the axial
coordinate z corresponds to the streamwise direction, increasing downstream. The rotor was placed at z = 0. The simulation
was made nondimensional by the rotor radius (R), the freestream velocity (V. ), and the fluid density (p). Inlet velocities were
set by assigning a value of one to the axial (z-direction) velocity and zero to the other velocity components. To simulate the
rotor rotation, the domain was rotated around the z-axis in the counterclockwise direction with a tip speed ratio A = 5—3 of 2.9.

Since the flow behavior around each blade is identical, the domain only encompassed a fifth of the DWT geometry, as seen
in fig. 3, and periodic boundary conditions were applied in §. The inlet was located six rotor radii upstream of the rotor, and
the outlet was located 12 radii downstream. The velocity was fixed at V, on the boundary at » = 6 R. This created a blockage
ratio (the ratio of the duct cross-sectional area to the inlet cross-sectional area) of 4.2%. According to (Chen and Liou, 2011),

the calculated power coefficients (C),) should be less than 5% higher than those calculated using an infinite domain.

periodic boundaries

Figure 3. 3-D flow domain geometry

The k— e turbulence model with enhanced wall treatment was chosen for the simulations. The calculations were performed in
a rotating reference frame where the blades were stationary. Using this reference frame, steady-state simulations were run with
the pressure-based solver and the coupled scheme used for the pressure-velocity coupling. Gradients were calculated using
the least squares cell-based method, and second-order discretization schemes were used to calculate pressure, momentum,

turbulent kinetic energy, and turbulent dissipation rate. At the inlet, the intensity and length scale of the turbulence were set
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to 5% and 1 m, respectively (default setting). The outlet was set as a pressure outlet, and periodic boundary conditions were

applied to the 6 boundaries.
2.2 Mesh

The meshing was performed using the Ansys meshing tool. The 3-D mesh was designed based on 2-D mesh convergence
studies of the duct and blade airfoils (Tchapdieu, 2025), the results of which are summarized in table 2. The studies were
performed under the conditions expected for the 3D simulations. In this table, estimated errors in the lift coefficient (calculated
using Richardson extrapolation) are given as a function of the surface element size, F, and the first cell height of the boundary

layer mesh, ;. 4y values averaged over the airfoil surface, 3/, are also given.

Table 2. Grid refinement study of C', for both airfoils

GOE417a E423

Refinement level | E/cpiade Y1/ Colade %error Cr, | g7 | E/Cduct Y1/ Cduct % errorcy, | g+
0 0.008 7.33x107* 1.6357 0.93 | 0.00150 | 3.73x107° 2.0339 0.98
1 0.004 | 3.66x10* 1.0869 0.48 | 0.00080 | 1.86x107° 1.5351 0.49
2 0.002 | 1.83x107* 0.2513 0.24 | 0.00038 | 9.32x107° 13293 | 0.25
3 0.001 | 9.16x107° 0.0580 0.12 | 0.00019 | 4.66 x10~° 1.1485 | 0.12

Based on these results, in 3-D face sizes with a respective element size of E/cpiaqe = 0.09 and E/cgy,c+ = 0.02 and inflation
layers with 15 layers, a growth rate of 1.2, and a first layer thickness of y1 /cpiade = 1.10e-3 and y1 /cguct = 5.60e-5 were then
applied on the blade and the duct surface. The mesh sizes were larger than the 2-D results to reduce computational cost and
allow for mesh refinement. Mesh matching control was applied to the periodic boundaries. The resulting mesh is shown in

Figure 4.
2.3 Numerical Validation

To assess the numerical accuracy, two refinements were performed on the initial mesh. Table 3 shows that refinement levels
(RL) 0, 1, and 2 correspond to the mesh having approximately 1, 2.2, and 16 million nodes, respectively.The quantities used to

assess the accuracy were the thrust (C'r), power (C'p), and total power (Cp,,,,,) coefficients which are defined as

T
Cr=+1rmi — |
T %pVOQOArotoT ( )

P
o 2
P %pVO%ArotOT ( )

P

CPuotar = T 13 4 |
Piotal %pVO%Aduct ( )
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Figure 4. Mesh of the (a) domain, zoomed around (b) the blade section, and (c) the duct section

where T is the thrust applied to the rotor, P is the power produced, A, is the area of the rotor, and Agy,; is the exit
area of the duct. Cp indicates the performance of a wind turbine relative to its rotor-swept area, while Cp, , , represents the

performance relative to the exit area of the duct.

The thrust and torque generated by the rotor were directly computed using the Fluent z-direction force and moment calcula-

tor, respectively. The power produced by the DWT was computed using
P=7Q 4

where 7 is the torque generated by the turbine.

These quantities were computed at each refinement level (RL), as shown in columns 2—4 of Table 3. From RL O to 1, the
percentage differences in the values of C'r and C'p were 3.5% and 6%, respectively. Increasing the RL from 1 to 2 reduced
these differences to 0.09% and 1.14%, respectively. This decrease indicates good convergence of the simulation with respect
to the grid size. Given the small percentage errors at RL 2, this mesh was considered sufficiently accurate, and all calculations

presented in the subsequent sections were performed using the RL 2 mesh.

Table 3. Percentage error in values of interest after each refinement

Blade(GOE417a) Duct(E423)

RL | #nodes | E/cviade Y1/Chlade g7 | E/cauct Y1/ Cduct y Cr Cp CPorar
0 1x10° 0.090 1.10x 1072 | 1.89 | 0.023 | 5.60x 107" | 1.21 | 0.9683 | 0.7242 | 0.4769
1 | 22x10° | 0045 | 550x107% | 1.02 | 0011 | 2.80x107° | 0.75 | 1.0017 | 0.7680 | 0.5058
2 | 16x10° 0.023 | 2.75x107* | 0.57 | 0.005 | 1.40x107° | 0.48 | 1.0008 | 0.7767 | 0.5115
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3 Actuator Disk Simulation Setup

The details of the actuator disk simulation setup for comparison with the 3-D simulations are presented in this section, including
the geometry, meshing, and Fluent setup. No 2-D grid validation study was performed because the meshing closely followed

the 3-D procedure.
3.1 Geometry & Fluent Setup

Figure 5 shows the axisymmetric actuator disk simulation domain. The simulation was nondimensionalized by the same pa-
rameters from the 3-D simulation. Inlet velocities were set by assigning a value of one to the axial (z-direction) velocity and
zero to the other velocity component. The two flow domains have the same exact distances from the boundary conditions to

the wind turbine. Therefore, the actuator disk simulation domain also had a blockage ratio of 4.2 %.

inlet outlet ——

6R

duct

R I ’ / symmetry

6R 12R

// actuator disk

Figure 5. Actuator disk domain geometry

In the actuator disk simulation, the blades were replaced by a disk with a pressure drop given by

T
op= ; ®)

Arotor

where Jp is the pressure drop across the disk and 7" is the thrust obtained from the 3-D blade resolved analysis. For the

actuator-disk calculations, the power was calculated using
P = 5]7 // Uaa:ialdArotor~ (6)
All additional settings were the same as used in the 3-D simulations.

3.2 Mesh

Meshing was again performed using the Ansys meshing tool following the same procedure used in 3-D. The mesh features

of the E423 airfoil from RL O of the 2-D grid validation study (table 2) were applied to the duct. A face sizing was applied
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to the actuator disk with an element size of E/R =5 x 1073. Lastly, an element size of F/R = 0.2 was applied to the whole
domain. Figure 6 shows the baseline mesh of the actuator disk domain. The regions where the nondimensional pressure gradient
exceeded 0.05 in the baseline mesh were then refined, and then a whole domain refinement was performed. Due to the low
computational cost of this simulation technique and to ensure that the results were as accurate as possible, another domain

refinement was performed to produce a final mesh for the actuator disk calculations having 200,000 nodes.

Figure 6. (a) Actuator disk mesh (b) zoomed region around actuator disk

4 Performance Comparison

The performance of the DWT, obtained from the two simulation approaches as a function of ), is presented in fig. 7. The
results of the 2-D and 3-D simulations are represented by dashed and solid curves, respectively. A was varied by changing
the rotational speed of the moving frame in the 3-D simulation. For each ), the thrust calculated in 3-D was then used for a
corresponding actuator disk simulation using the procedure described in section 3. Note that the blade design was not changed
for different \ and therefore the DWT was off-design except at A = \g4es = 2.9, the design point.

Figure 7 shows that the maximum Cp and Cp, ,, for the 3-D simulation occurred at Age,, as expected. The same behavior
is seen for the 2-D simulation; however, the 2-D simulations predict a significantly higher maximum performance at A;.s. The
performance predicted in 3-D were 26% lower than the 2-D calculations. This significant difference in performance predictions
between the actuator disk and the blade-resolved simulation is possibly due to the fact that the actuator disk does not capture
flow phenomena such as wake rotation and tip vortices, which will be investigated in the next section.

At tip speed ratios higher than the design value, the performance of the 3-D calculations tapers off, while the 2-D calculations
remain fairly constant. This is a result of the fact that the 3-D thrust stays relatively constant under these conditions. As a
reminder, the pressure drop used in the actuator disk model was based on the thrust generated by the DWT in the blade-

resolved simulation, so as long as the thrust is the same, the 2-D performance will remain the same. The nearly constant thrust
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Figure 7. DWT Performance as a function of tip speed ratio calculated using 3-D blade-resolved simulations and 2-D actuator disk simula-

tions

in 3-D is an outcome of the low value of A4 for this device. For a device designed for a higher tip speed ratio, the thrust
coefficient increases with A for a wide range of tip speed ratios around the design tip speed ratio (Burton et al., 2011). Using
a blade element analysis, it can be shown that the coefficient of thrust of a device designed for a lower tip speed ratio tends to

have a maximum in the neighborhood of ;.

S Flow Comparison

To compare the 2-D and 3-D flow features, the 3-D results were azimuthally averaged onto a Cartesian r — z grid in the domain
(z/R,r/R) € [-1,2] x [0,2]. In both the r and z-directions, the spacing was 0.05 except in the intervals containing the duct
where it was reduced to 0.01. If an r, z point corresponded to a 6 curve that intersected the blade, the blade region was excluded
from the average.

Figure 8(a) shows the azimuthally averaged axial velocity from the 3-D simulation, and Figure 8(b) shows the axial velocity
from the 2-D simulation. In fig. 8(b) the actuator disk location is shown as a black dotted line. In both models, the magnitudes
of the axial velocity of the flow increase as the duct is approached from the upstream. The highest axial velocity magnitudes

are located near the tip and root of the blade/actuator disk, whereas the lowest axial velocity magnitudes are in the DWT wake
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and above the duct. The shape of the shear layer that defines the radial bounds of the wake region is also similar. However,

there are significant differences near the trailing edge of the duct.

(a) -0.5 0 /D 0.5 1 (b)

Figure 8. Axial velocity comparison between (a) 3-D blade-resolved simulation (b) 2-D actuator disk simulation

To investigate this, streamlines are plotted in Figure 9. In the 2-D simulation, there is no detectable separation, whereas in
3-D, there is a clear recirculation zone near the trailing edge of the duct which has a length of almost ¢4y, /4. The impact of
this recirculation zone on wake expansion can be seen immediately downstream of the airfoil. In 2-D, the wake expands more,

which is consistent with the 2-D case producing more power.

,/;///%
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(a) z/D (b) ’ z/D

Figure 9. Streamline comparison between (a) 3-D blade-resolved simulation (b) 2-D actuator disk simulation

To provide a more quantitative view of the separation differences, the azimuthally averaged axial component of the 3-D skin
friction on the inner surface of the duct was compared with its 2-D counterpart as shown in Figure 10. The axial skin friction
coefficient on the duct goes to zero (indicating flow separation) at around Z/C = 0.75 in 3-D, as opposed to Z/C = 0.85 in

2-D. This 0.10 chord length difference indicates that separation occurs in both simulations but is more prevalent in 3-D.

10
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Figure 10. Axial skin friction coefficient comparison at the bottom part of the duct

One possible cause of the difference in separation position is the presence of swirl in the 3-D simulation. The swirl present
in the wake of a wind turbine is caused by the rotation of the blade in the opposite direction. Figure 11 shows the azimuthally
averaged swirl velocity from the 3-D simulation. (The 2-D simulation has no swirl velocity.) The swirl velocity has a magnitude
of almost 80% of the freestream velocity near the root of the blades, indicating that it is a significant component of the flow
velocity. Moving radially from the root, the swirl velocity decreases with the inverse of 7 in agreement with momentum
theory (Glauert, 1983). Because swirl diminishes at the tips, it is not clear whether swirl is solely responsible for the increased
separation in 3-D.

Another possible cause of the difference between the 2-D and 3-D simulations is that in the actuator disk simulation, the disk
acts as a uniform resistance. In contrast, in the 3-D simulation, the blades are intermittent, and thus the flow may attach and
separate as the blades pass. To understand this effect, Figure 12 shows the limiting streamlines (or equivalently skin friction
lines (Delery, J., 2011)) on the inner surface of a fifth of the duct obtained from the 3-D simulation. The figure shows a flow
separation curve where the limiting streamlines from the leading and trailing edges converge. The 3-D separation region is
downstream of this curve. The 2-D separation region is the zone downstream of the dashed white line. This white line was
obtained by determining the location where the value of ¢y, goes to zero in Figure 10. Figure 12 is also colored by the axial

skin friction coefficient. The curves defining the tip and root of the blade are shown in white, and the blade surface is gray.

11
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Figure 11. Azimuthally averaged swirl velocity contours
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Figure 12. Limiting streamlines on the inner side of the duct colored by values of c;, rotor blade represented by gray surface

12
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Figure 12 illustrates that in the 3-D simulation, the separation zone is the largest near the rotor blade and decreases in size
away from the blades. On the left side of the duct, the effect of the wake of the preceding blade can also be seen, where the
flow separates and then reattaches. Thus, blade intermittency does have a strong effect on the separation. Compared to the
2-D separation zone (delineated by the white dashed line), the 3-D separation zone is almost always further upstream. Thus,
blade intermittency not only causes an oscillation in the separation location but may also be responsible for a shift in the mean
separation location. It is surmised that with a larger blade count and the same loading, the 3-D results would be closer to the

actuator disc simulations.

6 Conclusions

The flow around a ducted wind turbine designed using a 2-D actuator disk simulation was simulated using a RANS 3-D blade-
resolved simulation and a 2-D actuator-disk simulation. The performance predicted by the 3-D blade resolved simulation was
26 % less than that predicted by the 2-D actuator disk simulations. The flow features between the two simulation methods
agreed qualitatively, but flow separation started earlier in the 3-D simulation. A recirculation zone was found near the trailing
edge of the duct in the blade-resolved simulation, while it was almost nonexistent in the actuator disk simulation. It can
postulated that a lower duct angle attack compared to the one obtained from the 2-D optimization could be beneficial to the
overall performance of a finite bladed DWT as it would reduce the amount of separation that occurs.

A large part of the possible differences between the two simulation methods could be attributed to the absence of a swirl
velocity in the actuator disk simulation. In future work, a swirl velocity will be introduced to the actuator disk simulation to

potentially mitigate its differences from the blade-resolved simulation.
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