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Abstract
To visualize and characterize the unsteady properties of the wake trailing behind a wind turbine, we propose a novel numerical metho-
dology in this study. Through a wind-tunnel experiment using a smoke generator, we succeeded in visualizing a compact-type small-
scale wind turbine wake using continuous scalar plumes from a single point source. Next, to simulate the above wind-tunnel experi-
ment, we proposed a method using the passive scalar advection–diffusion equation based on a high-fidelity large-eddy simulation (LES).
The actuator-line method (ALM) was adopted for the wind turbine model. We succeeded in qualitatively reproducing the wake visuali-
zation experiment in the wind tunnel described above and verified the effectiveness of the proposed numerical visualization method.
To evaluate the characteristics of wakes generated by wind turbines in more detail, we conducted a quantitative comparison using a
disk-shaped volume source with the same size as the swept area, set behind the wind turbine model. The results indicated that the
non-dimensional time-averaged passive scalar profile in the near- and far-wake regions qualitatively matched the shape of the stream-
wise velocity profile, despite having opposite signs. In other words, it was shown that if a disk-shaped volume source with the same
size as the swept area is placed just behind the wind turbine, it is possible to accurately predict the behavior of the wind turbine wake.
Finally, to validate the proposed method for wind farm wake management, we performed a visualization of wake flows in a virtual off-
shore wind farm consisting of 12 wind turbines with short separation distances. Through detailed comparison of two types of numeri-
cal results with different wind directions, we showed that the proposed method can effectively demonstrate the range of spatial
influence of the wakes formed by the wind turbine with special attention.
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Introduction

Wind turbines extract energy from the wind and cast a wind shadow in the downstream direction. Specifically,
wind turbines reduce the wind speed behind the rotor while, at the same time, forming a swirling flow. The flows
behind turbines are called ‘‘wakes’’ (Porté-Agel et al., 2020). According to past review articles (Sanderse et al.,
2011; Vermeer et al., 2003) concerning wind turbine wake aerodynamics, the wakes are divided into two regions.
One is the near-wake region, within 1–5 rotor diameters (D) behind the turbine. In the near-wake region, the three-
dimensional flow structure is complex due to the rotor properties and various operations (e.g. yaw and pitch angle
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control in wind turbine). As a result, the flow field in the near-wake region is dominated by turbine-generated
coherent turbulent structures, such as strong blade tip vortices, hub vortices, and tower vortices. Among these vor-
tex structures, blade tip vortices are known to form the spiral structure in the downstream of the wind turbine. The
other region is the far-wake region, which lies beyond the near-wake region. In the far-wake region, the influence
of rotor properties is less important. It has been reported that the interactions of the aforementioned vortex struc-
tures in the near-wake region directly affect the evolution and turbulent flow characteristics in the far-wake region
(Sørensen, 2011).

Forming locally concentrated groups by clustering wind turbines in large offshore wind farms provides the bene-
fit of being geographically limited while maintaining profitable wind resources. As a result, clustering wind turbines
has also been reported to reduce the overall costs associated with wind turbine maintenance. However, despite the
design innovation and development of locally clustered wind turbines, several drawbacks have also been associated
with wind-turbine wakes and their mutual interference. First of all, the significant deficit in wind speeds, due to the
extraction of kinetic energy in the wind by upstream wind turbines, results in dramatically lower power production
in turbines located downstream. Furthermore, the increases in local turbulence in the wake regions create significant
unsteady fatigue loads on the downstream turbines, which can shorten their working life.

To better understand the nature and vulnerabilities of wake flows and their mutual interactions, we first need to study
their characteristics when generated by a single wind turbine without external interference. The operation and mainte-
nance (O&M) of wind farms, if based on a more comprehensive knowledge and understanding of flow physics, could
promote the development of cost-effective offshore wind farms and provide insight into whether certain large-scale oper-
ations could be financially viable. Establishing a novel methodology for turbine wake visualization could play an impor-
tant role in reducing wake losses and negative structural impacts in the development of future wind farms (Emeis, 2010;
Hasager et al., 2017). Emeis (2010) has examined familiar wake photographs taken on 12 February 2008 at the offshore
Horns Rev 1 wind farm, and offered detailed meteorological explanation of the wake clouds. Hasager et al. (2017) have
also investigated the same wake photographs from a helicopter, using a combination of satellite data, local meteorologi-
cal observations, and radio-sounding data, as well as supervisory control and data acquisition (SCADA) data. The spe-
cial atmospheric conditions were described and an interpretation of the origin of the fog was provided. Furthermore,
advanced wake modeling with computational fluid dynamics (CFD) using a detached eddy simulation (DES) of a full
wind turbine rotor allowed for determination of the details of the physical processes (e.g. mechanically driven convection
processes) in the wakes of the wind turbines, in relation to the formation and the dispersion of fog. As a result, the above
research and development may lead to advanced yaw-based wake steering, a form of modern offshore wind-farm con-
trol, where upstream turbines operate with yaw misalignment to deflect their wakes away from downstream turbines,
yielding a net power gain for the wind plant (Houck, 2022).

In the present study, we propose an experimental and numerical methodology to visualize and characterize the
unsteady aerodynamics of wakes trailing behind wind turbines, specifically visualizing high-fidelity large eddy
simulation (LES) data using the passive scalar advection–diffusion equations. The proposed method is based on
the actuator-line concept, as the wind turbine model. With a view to applying the proposed method to wake man-
agement, we conducted visualization of wake flows using a virtual offshore wind farm consisting of 12 wind tur-
bines, and clarified the spatial range affected by the wake effects.

Motivation and idea of wind turbine wake visualization

As shown in Figure 1, wind turbine wake-effect visualization plays an important role in reducing the total O&M
costs of future wind farms (Emeis, 2010; Hasager et al., 2017). As a result, the research and development that has
been conducted may lead to advanced yaw-based wake-steering strategies for wind farms, in order to optimize their
energy production and fatigue loads. Figure 2 shows a photograph that inspired our numerical wake-visualization
method. There is a point that I would like you to pay close attention to here. That is, this photo shows the smoke
emanating from the wind turbine due to a nacelle fire. To verify the validity of our proposed method, we conducted
a wind-tunnel experiment by adding smoke to the air passing through our wind turbine model.

Description of experimental equipment (boundary-layer wind tunnel)

Wind tunnels can be classified into two main types: Open- and closed-circuit. In an open-circuit tunnel, the airflow
follows a straight path from the entrance, through a contraction zone to the test section; then, it moves into a dif-
fuser, a fan section, and an outlet. In a closed-circuit wind tunnel, the air recirculates continuously, with little or
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no exchange with the outside. The wind tunnel facility used in this study was a closed-circuit boundary-layer wind
tunnel (test section: 15 m long 3 3.6 m wide 3 2.0 m high) at the Research Institute for Applied Mechanics
(RIAM) of Kyushu University, as shown in Figure 3. Figure 3a presents an overall view of the facility, whereas
Figure 3b presents an enlarged view of the test section and the sidewall of the wind tunnel. Notably, Richmond-
Navarro et al. (2022) have studied the shrouded wind turbine performance in yawed turbulent-flow conditions at
the same facility.

Experimental set-up

We prepared two types of three-bladed, fixed-pitch, small-scale wind turbine models in the present wind tunnel
experiment. Figure 4 shows a schematic view of the torque measurement system used in the performance test of
the small-scale wind turbine model that we produced. Figure 4a specifies the various parameters in the perfor-
mance test. The inflow wind speed (Uin) was set to 12 m/s in the wind tunnel experiment. We did not consider the
scaled boundary layer, which is typically created in the wind tunnel using triangular spires and distributed rough-
ness elements. For this study, we set a uniform flow, in which the wind speed did not change in the height direc-
tion. The hub height of the wind turbine model used in this study was 1 m, and the rotor diameter was 0.442 m.
The Reynolds number Re = Uin D/n, determined for a rotor diameter D of 0.442 m, was on the order of 105,
where n is the kinematic viscosity of the fluid. The voltage output of the wind turbine model was low-pass filtered
at 1 Hz and recorded at 1 kHz for 30 seconds, then subsequently averaged based on 30,000 voltage output data.

Figure 4b shows photos of the small-scale wind turbine model produced for performance testing installed in
the wind tunnel. Furthermore, the torque meter and servo motor used in this study are also shown in Figure 4b.

Figure 1. Aerial view (photograph) of wake clouds at Horns Rev 1 offshore wind farm 12 February 2008 at around 10:10 UTC, as
seen from the southeast.

Figure 2. Photograph that inspired our numerical wake visualization method (https://www.meti.go.jp/shingikai/sankoshin/
hoan_shohi/denryoku_anzen/newenergy_hatsuden_wg/pdf/012_02_00.pdf).
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Figure 5 shows cross-sections of the small-scale wind turbine blade at five typical radial positions from root to tip.
The blades of the wind turbine model were based on the airfoils designed by Matsumiya et al. (2011). The gravity
center position is also specified in this figure. Figure 6 shows the variation of the chord length (in red) and the
twist angle (in blue) from the root to the tip of the blade, while Figure 7 shows the lift coefficient (Cl, red) and
drag coefficient Cd (Cd, blue) against the angle of attack in the blade cross-section at the 75% position from the
rotor center.

In order to carry out the wake-trailing visualization, we prepared a wind turbine model different from the model
shown in Figure 4b. Here, for convenience, the model is called a compact-type small-scale wind turbine model and
is shown in Figure 8. In this model, only the rotor rotation speed can be controlled. Figure 8a shows the perspec-
tive view, and Figure 8b shows the enlarged view. As shown in Figure 8b, there is no torque meter, as shown in
Figure 4; only the same servo motor as shown in Figure 4 was stored in the box corresponding to the nacelle. The
smoke generator (Model 8304, KANOMAX) shown in Figure 9 was used to visualize the three-dimensional wake
trailing behavior. In order to guide the smoke from the smoke generator, a vinyl tube with a diameter of 1.8 cm
was installed behind the nacelle box of the wind turbine scale model (see Figure 8b).

Figure 3. Closed-circuit wind tunnel facility used in this study: (a) perspective view and (b) enlarged view of the test section and
photo of the sidewall of the wind tunnel.
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Experimental results and discussions

Figure 10 shows the experimental results obtained by the torque measurement system used in this study (shown in
Figure 4). The horizontal axis shows the tip-speed ratio (TSR), while the vertical axis shows the power coefficient
(Cp). Figure 10 also shows the definition formulas for the TSR, Cp, and the variables used. These results con-
firmed that the design tip speed ratio (DTSR) of the small-scale wind turbine model used in this study was in the

Figure 4. Schematic view of the torque measurement system used in the performance test: (a) various parameters in the
performance test and (b) photos of the small-scale wind turbine model produced for performance testing.
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vicinity of 4.0. The same figure also shows the numerical results of the DTSR obtained by the in-house LES-solver
using the actuator-line method (ALM) (Porté-Agel et al., 2020). Comparing the wind-tunnel experiment and the
LES results, it was found that the ALM implemented within the in-house LES-solver could accurately reproduce
the performance of the small-scale wind turbine model.

Figure 11 shows the results of wind turbine wake-trailing visualization using the compact-type small-scale wind
turbine model with a DTSR of 4.0. The wind speed was set to 1 m/s. The behavior of the smoke emitted from the
back of the box, corresponding to the nacelle, revealed the wind turbine wake and its development (i.e. wake
spreading).

Figure 5. Cross-section of the wind turbine blade at typical radial position.

Figure 6. Variation of the chord length and the twist angle from the root to the tip of the blade.

Uchida et al. 1875



Figure 7. Lift and drag coefficients against angle of attack in the blade cross-section at the 75% position from the rotor center.

Figure 8. Compact-type small-scale wind turbine model for the wake-trail visualization experiment: (a) perspective view and
(b) enlarged view.
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Figure 9. Smoke generator used in this study.

Figure 10. Relationship between the time-averaged tip speed ratio (TSR) and the power coefficient (Cp) of the small-scale wind
turbine model produced for performance testing (shown in Figure 4).

Figure 11. Wind turbine wake-trailing visualization results using the compact-type small-scale wind turbine model under the
DTSR = 4.0.
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Numerical design

The finite-difference method (FDM) based on a Cartesian grid system was adopted, and a large eddy simulation
(LES) model was used for the turbulence model. In the LES model, a spatial filter was applied to the flow field to
separate eddies at various scales into grid-scale (GS) components (which were larger than the computational grid
cells) and sub-grid-scale (SGS) components (which were smaller than the computational grid cells). Large-scale
eddies, including the GS components of turbulence eddies, were numerically simulated without the use of a simpli-
fied model. In contrast, the dissipation of energy, which is the main effect of small-scale eddies (i.e. the SGS com-
ponents), was modeled according to a physics-based analysis of SGS stress.

For the governing equations of flow in tensor form (i, j = 1, 2, 3), a filtered continuity equation for an incom-
pressible fluid (equation (1)) and a filtered Navier–Stokes equation (equation (2)) were used. In the current simula-
tion, to visualize and characterize the unsteady properties of the wakes trailing behind the wind turbines, the
standard passive scalar convection–diffusion equation (equation (3)) was solved by coupling it with equations (1)
and (2) (Uchida and Araya, 2021). Re and Pr in equations (2) and (3) are the Reynolds number and Prandtl num-
ber (=0.71), respectively.

For the computational algorithm, a method similar to the fractional-step (FS) method (Kim and Moin, 1985)
was used, and a time-marching method based on the simplest explicit one-step method was adopted. Poisson’s
equation for pressure was solved using the successive over-relaxation (SOR) method. For the discretization of all
spatial terms, except for the convective term in equations (2) and (3), a second-order central-difference scheme was
applied. For the convective term, a third-order upwind-difference scheme was applied. The interpolation technique
(Kajishima, 1994) was used for the fourth-order central differencing, which appeared in the discretized form of the
convective term. For weighting of the numerical diffusion term in the convective term discretized by third-order
upwind differencing, a = 0.5 was used, as opposed to a = 3.0 in the Kawamura–Kuwahara scheme (Kawamura
et al., 1986), in order to minimize the influence of numerical diffusion. For LES sub-grid-scale modeling, the expli-
cit mixed-timescale (MTS) model (Inagaki et al., 2005), based on an eddy-viscosity assumption, was adopted
(equations (5)–(12)) for the turbulent flow field, and Simpson’s rule was used as the test filter in the MTS proce-
dure. Furthermore, an algebraic eddy-viscosity model (0-equation model) was also used for the passive scalar field
(equations (13)–(15)). Here, we have summarized nomenclature into Appendix, so please refer to Appendix for
details. For convenience, upper bars denoting application of the spatial filter will be omitted.

For the rotation of the wind turbine blades, an actuator-line method (ALM) was used to approximate the indi-
vidual rotor blades, as lines of body force, without resolving all of the geometrical details and the boundary layer
resolution of the wind turbine (Porté-Agel et al., 2020). In the ALM, the tangential and thrust forces generated by
the rotating blade were added to the filtered Navier–Stokes equations (equation (2)), as external force terms repre-
senting the reaction forces exerted on the fluid in the direction of stream-wise flow and rotation. The force in the
direction of rotation was decomposed into the spanwise and vertical directions. The ALM provided a realistic
approximation of the wake structures with only the blade chord length, the lift coefficient, the drag coefficient,
and the angle of attack (as a function of the distance from the center of the rotor) as inputs. Furthermore, the
ALM significantly increased the computational speed, as compared to the fully resolved wind turbine CFD simu-
lation including a moving mesh. In previous work, the in-house LES-solver and a Reynolds-averaged Navier–
Stokes (RANS)-based commercial CFD software have been compared, where the in-house LES-solver provided
comparable results to the RANS-based commercial software (Uchida and Li, 2018).
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A computational domain was set very wide in order to carry out CFD simulation under the ideal case (block-
age-free condition). Figure 12 shows a computational domain [25 D (x) 3 26 D (y) 3 9 D (z)], including the
total number of grid points and the grid resolutions in the stream-wise and cross-stream directions, where D is the
rotor diameter of the wind turbine model. The total number of grid points in the computational domain was
approximately 103.3 million [1001 (x) 3 641 (y) 3 161 (z)]. The uniform spatial resolution in the stream-wise
direction (Dx) was 0.025 D, and the non-uniform spatial resolution in the cross-stream directions (Dy and Dz) was
in the range 0.025–0.96 D. To evaluate the influence of the rotating blades on the flow field, the ALM (based on
blade-element theory) was applied. In order to reproduce the hub, nacelle and tower as objects, all of the velocity
components were set to zero at all grid points on the surface and inside of the hub, nacelle and tower. Only a
steady, uniform flow profile was used as an inlet boundary condition. The effects of shear and turbulence have
already been discussed by the first author (Uchida, 2020). The lateral and upper boundary conditions were
assigned as slip conditions, while the outflow section was assigned the Sommerfeld radiation condition (SRC). A
no-slip boundary condition was set at the ground. The time step was Dt = 1 3 10–3 (R/Uin), where Uin is the
uniform flow speed and R is the radius of the wind turbine blade. To fully develop the flow field in both near-
and far-wake regions downstream, time integration from t = 0 to 100 (R/Uin) was performed. The flow-field sta-
tistical processing was performed at t = 50–100 (R/Uin) in the latter half of the time integration. The current LES

Figure 12. Computational domain, computational grid, coordinate system, and so on.
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simulations were performed using a new SX-Aurora TSUBASA vector supercomputer. The CPU time required
for each simulation was several days.

Numerical results and discussions

First, let us consider the behavior of the wind turbine wake under DTSR = 4.0 (a constant rpm). For this pur-
pose, Figure 13 shows the color shading of the non-dimensional instantaneous stream-wise velocity fields behind
the wind turbine model. In the near-wake region (i.e. within 1–5 D behind the turbine), the three-dimensional flow
structure was complex, due to the occurrence of various types of vortices (e.g. strong trailing tip vortices, hub vor-
tices, and tower vortices) and their mutual interference. A strong velocity shear was formed near the wind turbine
blade tip, due to the formation of strong helical tip vortices. As a result, the momentum exchange between the
external flow and the wake flow was strongly suppressed. Therefore, the flow field in the near-wake region was
dominated by turbine-generated coherent turbulent structures, such as strong helical tip vortices at the wind tur-
bine blade tip, hub vortices, and tower vortices.

In the far-wake region (i.e. downstream of 5 D), the tip vortices gradually collapsed, resulting in the influence
of rotor properties becoming less important. In this region, the wake flow was fully developed, and the velocity
deficit and the additional turbulence intensity were assumed to be axisymmetric and to have self-similar distribu-
tions in the wake cross-sections (Porté-Agel et al., 2020). As mentioned earlier, in the present simulation, a time
integration is performed up to t = 100 (R/Uin), we think that all physical quantities have converged within some
standard. In the current simulation results, significant velocity deficits were found at even 15 D downstream, due
to uniform inflow conditions without any terrain and inflow turbulence imposed.

To reproduce the smoke behavior continuously added to the wake region, as shown in Figures 8 and 11, the
volume source was set behind the wind turbine model (see Figure 14). As mentioned in Section 6, the filtered
Navier–Stokes equations coupled with the passive scalar transport were solved using LES. Figure 15 shows the

Figure 13. Color shading of non-dimensional instantaneous stream-wise velocity fields behind the compact-type small-scale wind
turbine model under DTSR = 4.0: (a) x–z (side) plane, (b) x–y (top) plane, and (c) y–z (rear) planes.
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instantaneous numerical results obtained by the proposed method. Through visual observation of the passive sca-
lar behavior, we considered the complicated three-dimensional structure of the wake flows and clarified the effec-
tiveness of the proposed method. The mixing and transport of passive scalars released continuously into a wake
region from the volume source behind the wind turbine model was clearly confirmed, due to wake spreading. The
turbulence spreading and dispersion of passive scalars confirmed the smoke behavior in the wind tunnel experi-
ment shown in Figure 11.

Furthermore, in order to investigate whether the overall structure of the wake flow could be realized, a volume
source the same size as the swept area was set (as shown in Figure 16), and the numerical results obtained by the
proposed method were considered in more detail (see Figures 17 and 18). Figure 17 shows the non-dimensional
instantaneous spatial distribution of the stream-wise velocity and passive scalar fields behind the compact-type
small-scale wind turbine model. It should be noted here that the color shading indicates the non-dimensional

Figure 15. Color shading of non-dimensional instantaneous passive scalar fields released from volume source behind the compact-
type small-scale wind turbine model: (a) x–z (side) plane, (b) x–y (top) plane, and (c) y–z (rear) planes.

Figure 14. Small passive scalar volume source behind the compact-type small-scale wind turbine model.
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spatial distribution of the stream-wise velocity, while the color contour indicates the non-dimensional spatial dis-
tribution of the passive scalar concentration. Figure 18 shows the time-averaged numerical results corresponding
to Figure 17. The numerical results indicated that the passive scalars continuously emitted from behind the model
were trapped within the wake region and were dispersed. This clarified that the spatial distribution pattern of the
color contour of the non-dimensional scalar concentration and the spatial distribution pattern of the color shading
of the non-dimensional stream-wise velocity (U-velocity) were similar. Therefore, our proposed numerical method
was shown to be effective. From a detailed examination of the results, we concluded that the strong helical-tip vor-
tices played a dominant role, and acted as a barrier preventing momentum exchange between the external and
wake flows.

Figure 17. Non-dimensional instantaneous spatial distribution of the stream-wise velocity and passive scalar fields behind the
compact-type small-scale wind turbine model: (a) x–z (side) plane, (b) x–y (top) plane, and (c) y–z (rear) planes.

Figure 16. Passive scalar volume source behind the compact-type small-scale wind turbine model, which was disk-shaped and was
the same size as the swept area.
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Based on the time-averaged numerical results, the horizontal and the vertical distributions of the non-
dimensional stream-wise velocity and non-dimensional passive scalar at three typical positions (x = 5, 10, and
15 D) were extracted; see Figures 19 and 20. The numerical results shown in Figures 19b and 20b were obtained
under the assumption that a volume source of the same size as the swept area was set behind the model, and pas-
sive scalars were continuously emitted into the wake region. As can be seen from Figures 19a and 20a, a strong
velocity shear was formed near the blade tip, due to periodic shedding of the stronger and more stable helical-tip
vortex in the near-wake cross-sections (x = 5 D). In contrast, in the far-wake regions (x = 10 and 15 D), the
time-averaged stream-wise velocity deficits in the horizontal x–y and vertical x–z cross-sections approached a
Gaussian wake profile, which is axisymmetric and self-similar (Porté-Agel et al., 2020). The shape of the profiles
shown in Figures 19b and 20b are similar to those shown in Figures 19a and 20b, despite having opposite signs.
This result suggests that, if an appropriate volume source was set behind the wind turbine, the behavior of the
wake flow could potentially be predicted by the behavior of the passive scalars continuously emitted from the vol-
ume source.

Finally, the proposed method was applied to a large offshore wind farm, consisting of 12 wind turbines. Figure
21 shows the computational domain, grid, and resolutions for the large offshore wind farm. As illustrated in
Figure 21, a wind farm configuration with equal row and column spacing (3D) was assumed, to clarify the mutual
interference phenomenon between the wind turbine wakes. The National Renewable Energy Laboratory (NREL)
5 MW offshore wind turbine, with a rotor diameter of 126 m and a hub height of 92 m, was used. For the simula-
tion, we set the 1/10th power-law mean velocity profile without inflow turbulence. Effects of turbulent inflow con-
ditions on wind turbine performance and wake structure are extremely important issues and will be discussed in
the near future. Other initial and boundary conditions were the same as those used for the numerical results above.
In addition, two types of simulations were performed, including one where the wind turbine faced the wind and
another where the wind turbine was tilted 15�, with respect to the wind.

Figure 18. Non-dimensional time-averaged spatial distribution of the stream-wise velocity and passive scalar fields behind the
compact-type small-scale wind turbine model: (a) x–z (side) plane, (b) x–y (top) plane, and (c) y–z (rear) planes.
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In this study, we focused on how the wake flow caused by wind turbine 1 interferes with the wake flows of
other wind turbines located around it. For that reason, the volume source of the passive scalars was set behind
wind turbine 1. The size of the volume source was similar to the swept area of the wind turbine. Figure 22 shows
the non-dimensional instantaneous spatial distribution (black and white shading) of the stream-wise velocity and
passive scalar fields. First, we focused on the non-dimensional instantaneous spatial distribution of the stream-
wise velocity. In both scenarios, the complex interactions between wake flows developed by the wind turbines were
reproduced. In Figure 22b, where the wind direction was tilted by 15�, the gap flow (locally accelerated flow) that
formed between the wind turbines in the front row approached the wind turbines in the second rows. This numeri-
cal result suggests the effectiveness of wake steering. Second, we examined the instantaneous spatial distribution
(color contours) of the passive scalars continuously emitted from the volume source set behind wind turbine 1.

Figure 19. Horizontal distribution at three typical positions (x = 5, 10, and 15 D): (a) non-dimensional time-averaged stream-wise
velocity and (b) non-dimensional time-averaged passive scalar.

Figure 20. Vertical distribution at three typical positions (x = 5, 10, and 15 D): (a) non-dimensional time-averaged stream-wise
velocity and (b) non-dimensional time-averaged passive scalar.
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When comparing the spatial impact of the wake formed by wind turbine 1, we found that the impact was wider,
as shown in Figure 22b, than that shown in Figure 22a. Therefore, the proposed numerical method using passive
scalars was effective for visually representing the cumulative wake effects in a large, offshore wind farm, due to
the effects of the mutual interactions between the wakes on downstream turbines.

Figure 21. Computational domain, grid, and resolutions, among other aspects, for a large offshore wind farm.

Figure 22. Non-dimensional instantaneous spatial distribution of the stream-wise velocity and passive scalar fields: (a) facing the
wind and (b) tilted 15� with respect to the wind.
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Conclusions

In this study, we proposed a novel numerical methodology to visualize and characterize the unsteady properties of
wakes trailing behind wind turbines. In a wind-tunnel experiment using a compact-type small-scale wind turbine
model, smoke was generated from behind the model to visualize the wake flow; that is, the wind turbine wake
could be visualized as a result of the continuous scalar plumes created at a consistent point source. Comparatively,
a high-fidelity large-eddy simulation (LES)-based data visualization using a passive scalar advection–diffusion
equation was also proposed. The proposed method uses the actuator-line concept for the wind turbine model. We
succeeded in qualitatively reproducing the wake visualization experiment in the wind tunnel. Next, a disk-shaped
volume source having the same size as the swept area was placed just behind the wind turbine model. Through
time-averaged comparisons, it became clear that the non-dimensional time-averaged passive scalar profile in three
typical positions (x = 5, 10, and 15 D) closely matched the shape of the stream-wise velocity profile, despite hav-
ing opposite signs. Finally, in order to validate the proposed method for wake management, we carried out visuali-
zation of the wake flows around a virtual offshore wind farm consisting of 12 wind turbines. Through a detailed
comparison of two types of numerical results with different wind directions, we found that the proposed method
can effectively demonstrate the range of spatial influence of the wakes formed by the wind turbine of interest.
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Appendix
Nomenclature

x streamwise coordinate
y spanwise coordinate
z vertical coordinate
�u filtered instantaneous streamwise velocity
�v filtered instantaneous spanwise velocity
�w filtered instantaneous vertical velocity
�p filtered instantaneous dynamic pressure
�c filtered passive scalar concentration
Re Reynolds number
Pr Prandtl number
tij SGS stress (SGS: sub-grid scale)
hj SGS scalar flux
nSGS SGS eddy viscosity coefficient
aSGS SGS scalar diffusion coefficient
PrSGS SGS Prandtl number
�Sij resolvable-scale strain rate tensor
�S
�� �� magnitude of resolvable-scale strain rate tensor
kes velocity scale squared
TS time scale
CMTS CT model parameter
D filter length scale
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